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ABSTRACT 
PALEOCEANOGRAPHY AND PALEOENVIRONMENTAL CHANGES OF THE 
CENOMANIAN/TURONIAN BOUNDARY INTERVAL (94-93 MA): THE 
RECORD OF OCEANIC ANOXIC EVENT 2 IN THE CENTRAL AND EASTERN 
PARTS OF THE WESTERN INTERIOR SEA 
 
MAY 2014 
KHALIFA ELDERBAK, B.Sc., ALFATEH UNIVERSITY LIBYA 
M.Sc., CARLETON UNIVERSITY CANADA 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor R. Mark Leckie 
 
The Cenomanian/Turonian (C/T) boundary marine strata of the Late Cretaceous Western 
Interior Sea (WIS) exhibit a positive carbon isotopic excursion in the bulk-carbonate and 
organic carbon. This marks Oceanic Anoxic Event 2 (OAE 2), which spans the 
uppermost part of the Hartland Shale and one-third of the overlying Bridge Creek 
Limestone members of the Greenhorn Formation and their equivalents. The interval is 
characterized by alternating beds of light-colored limestone and dark-colored marlstone 
and calcareous shale. These lithologic couplets have been related to Milankovitch orbital 
cyclicity. Foraminiferal assemblages from three selected sites, including the C/T 
boundary Global Boundary Stratotype Section and Point (GSSP) at Rock Canyon 
anticline near Pueblo in central Colorado, the Cuba section in north-central Kansas, and a 
section near Sioux City in northwest Iowa indicate major perturbations in 
paleoceanography conditions associated with eustatic sea level rise and global warming. 
Despite the global nature of the OAE 2, the strata in the WIS indicate a local geological 
and oceanographic imprint. The north-south configuration of the WIS and the influence 
of southern Tethyan and northern Boreal water masses on the sedimentological, 
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geochemical, and paleontological character of the seaway created a unique geological 
record. Foraminiferal assemblages of the Bridge Creek Limestone in the basin center 
record subtle cyclical alternations between limestones and adjacent marlstones or 
calcareous shales. The similarity of the structure of foraminiferal assemblages and their 
response to climatic perturbations associated with OAE 2 in the central and eastern parts 
of the seaway suggest that both sides were under the influence of the same, warm, 
southern watermass. 
The organic-rich strata associated with OAE 2 in the WIS have been attributed to either 
enhanced surface water productivity or oxygen depletion of bottom waters as a result of 
fresh water runoff and water column stratification. In addition, different oceanographic 
scenarios have been proposed to explain the stratal and faunal variations of the Bridge 
Creek Limestone. However, each of these scenarios has its complexity. This study 
proposes an oceanographic model that invokes a cyclonic gyre operating in two different 
modes (strong and weak) to explain the lateral and temporal lithofacies and biofacies 
variations. The weakening and strengthening of the gyre circulation and changes in 
nutrient availability in the surface water resulted in deposition of organic-rich marlstone 
and limestone beds, respectively. Sea level rise during late Cenomanian and early 
Turonian time, and the increasing size of the WIS reduced the effect of water column 
mixing in the basin center increasing the preservation potential of organic matter. The 
correlation of the sequence of events associated with the OAE 2 in the WIS to equivalent 
strata in Eastbourne, UK and Ocean Drilling Program Site 1260 in the Demerara Rise 
Basin of the tropical Atlantic reveals the global nature of these events and importance of 
the WIS as an important north-south paleoceanographic corridor. During the C/T 
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boundary interval, the WIS may have transported heat to Boreal basins as a component of 
Northern Hemisphere surface ocean circulation, and it may have exported intermediate 
waters to the proto-Gulf of Mexico and western Tethys.  
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INTRODUCTION 
The work of this dissertation is divided into three related chapters focused on the study of 
foraminiferal assemblages and their response to climatic perturbations associated with the 
late Cenomanian – early Turonian Oceanic Anoxic Event (OAE 2; Schlanger and 
Jenkyns, 1976; Arthur and Schlanger, 1979; Kauffman, 1984; Arthur et al., 1987, 1990; 
Sageman et al., 1997, 2006; Leckie et al., 1998, 2002; Meyers et al., 2005, 2012). 
Chapters 1 and 2 investigate the biostratigraphy, paleoecology, and paleoceanography of 
the Cenomanian – Turonian boundary (C/T) strata deposited in the central and eastern 
parts of the U.S. Western Interior Sea (WIS). Chapter 3 is a synthesis of the role of the 
WIS in global ocean circulation and climate change associated with OAE 2. Some 
overarching conclusions based on these studies will be presented at the end of this 
dissertation.  
Chapter 1 mainly considers foraminiferal assemblages of the alternating limestone-
marlstone couplets of the Bridge Creek Limestone Member of the Greenhorn Formation 
at Rock Canyon west of Pueblo, Colorado, first studied by Gilbert (1895) and attributed 
to climatic cycles. This locality contains the Global Stratigraphic Section and Point 
(GSSP) for the C/T boundary (Kennedy et al., 2005). The purpose of this study was to 
test the hypothesis that the alternating lithologies contain diagnostic planktic and benthic 
foraminiferal assemblages that could reveal the dynamic nature of climate cyclicity and 
oceanographic conditions in the WIS during the time of OAE 2. These new data are 
compared with previous studies that focused on the more easily disaggregated marlstone 
and calcareous shale beds (Eicher and Worstell, 1970; Eicher and Diner, 1985, 1989; 
Leckie, 1985; Leckie et al., 1998).  The following questions are addressed: Do the 
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limestone-marlstone couplets reflect climatic forcing of siliciclastic dilution, carbonate 
productivity, or a combination of both? If a combination, how is each process controlled, 
and how do they interact? The chapter also proposes a comprehensive environmental and 
oceanographic model for the WIS around the time of the C/T boundary and OAE 2. The 
sampling procedure in this study considered previous sampling increments of Leckie 
(1985) and Leckie et al. (1998) and resulted in a high-resolution composite section 
representing all depositional facies of the studied interval. Samples of the limestone beds 
of the Bridge Creek Limestone were treated with 80% diluted acetic acid allowed for the 
first time the study of foraminiferal assemblages of this section in sediment residue. The 
results showed that the limestone-marlstone couplets are climatically forced cycles that 
represent gradual takeover of internal (WIS) processes from the initial external (Tethyan-
Boreal) processes.   
Chapter 1 will be submitted to the Elsevier journal Cretaceous Research (Elderbak and 
Leckie, in prep.). 
Chapter 2 is a study of two C/T boundary sections located in proximity to the eastern 
paleo-shoreline of the Cretaceous WIS, which has received much less attention than the 
central and western side of the WIS. The Cuba section, in northeastern KS is located 
~630 km east of the C/T GSSP section. The more proximal Sioux City section, located in 
western Iowa, is ~315 km northeast of the Cuba, KS section. Surprisingly, planktic 
foraminifera dominate most of the samples in both sections despite proximity of the 
sections to the paleo-shoreline.  Foraminiferal assemblages also suggest that the eastern 
side of the seaway and the basin center are influenced by the same watermass (southern 
watermass). A sequence of foraminiferal events associated with the OAE 2 allowed high-
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resolution correlation between the eastern sections and the C/T GSSP at Rock Canyon. 
Benthic foraminiferal assemblages suggest that the seafloor in the presumably shallow 
eastern side of the seaway was more stressed (reduced salinity and/or oxygen levels) than 
it did in the deeper basin center. In the Sioux City section, the uppermost Cenomanian N. 
juddii Zone is characterized by a three-meter thick interval of interbedded fine sandstone 
and shale with flaser or wavy bedding suggests a major siliciclastic sediment source to 
the east. The emphasis of Chapter 2 is to address foraminiferal assemblages’ response to 
the ecological perturbations around the C/T boundary at the eastern side of the WIS and 
to establish high -resolution biostratigraphic correlation with the GSSP section in Pueblo, 
CO. In addition, the Chapter discuses some of the C/T previously proposed 
oceanographic models for the WIS and tests where the results of this study would fit.  
Chapter 2 represents a manuscript that has been already submitted (in review) to be 
published in proceedings volume of the Geological Problem Solving with Microfossils III 
conference (March 2013, Houston TX) in a special issue of Palaeogeography, 
Palaeoclimatology, Palaeoecology. The manuscript of this paper represents collaborative 
efforts of Khalifa Elderbak, R. Mark Leckie, and Neil Tibert.  
Chapter 3 is a synthesis study investigates through time and space the connection 
between three different sites representing different geological settings during OAE 2:  
Rock Canyon, Colorado, Eastbourne on the British coast of the Anglo-Paris basin, and 
Ocean Drilling Program Site 1260 in the Demerara Rise basin off Suriname and French 
Guiana in the tropical North Atlantic,. The chapter addresses the similarities and 
differences among these three sites and proposes a conceptual oceanographic model 
explaining the mechanism for the onset of the positive δ13C excursion. Increased pCO2 
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values and global warming during the onset of the OAE 2 is likely related to multiple 
pulses of extensive volcanic activity including submarine volcanic eruptions and 
associated hydrothermal activity (Arthur et al., 1985a; Larson, 1991; Orth et al., 1993; 
Leckie et al., 2002; Erba, 2004; Snow et al., 2005; Turgeon and Creaser, 2008; Seton et 
al., 2009; Meyers et al., 2012). Oxygen isotope data from the three sites suggest a global 
warming event preceded the onset of the synchronous positive δ13C excursion. An 
enhanced hydrological cycle may have introduced excess nutrients into the ocean basins 
including the semi-enclosed proto-North Atlantic basin allowing elevated rates of organic 
carbon production and high preservation potential. This may have initiated the onset of 
the δ13C excursion. However, a stratified water column and oceanographic stagnation 
could not sustain high-rates of surface water primary productivity. The initiation of a 
strong cyclonic gyre within the WIS may have trigged a significant paleoceanographic 
event that coincides with the “Plenus Cold Event” in Northwest Europe. In the WIS, 
rapid oxygenation of the seafloor resulted in repopulation of benthic foraminiferal 
assemblages. I suggest that the WIS acted as an important oceanographic corridor 
between Tethys and the Arctic at times of high sea level. Ocean circulation through the 
WIS transported heat northwards and became an important conduit of surface water flow 
in the Northern Hemisphere. Caballing processes in the WIS introduced a dense 
intermediate watermass into the proto-North Atlantic. This process may have also forced 
previously WIS filled Boreal waters to flow through the Greenland-Iceland-Norwegian 
Sea that coincides with the “Plenus Cold Event” recorded in the Eastbourne section. 
Chapter 3 will result in a manuscript submitted to the AGU journal Paleoceanography. 
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CHAPTER 1 
FORAMINIFERAL ASSEMBLAGES OF THE CENOMANIAN – TURONIAN 
BRIDGE CREEK LIMESTONE BEDDING COUPLETS: 
 PRODUCTIVITY VS. DILUTION 
1.1.  Abstract  
The limestone-marlstone bedding couplets of the Bridge Creek Member of the Greenhorn 
Formation are characterized by fluctuations in biofacies and organic carbon. Heretofore, 
only the calcareous shale and marlstone parts of the Bridge Creek bedding couplets have 
been qualitatively and quantitatively analyzed for foraminiferal assemblages. In this 
study, planktic and benthic foraminiferal assemblages from the limestone beds resulted in 
a quantitative evaluation of the foraminiferal response to cyclically changing conditions 
that resulted in the deposition of limestone-marlstone couplets. The results do not reveal a 
strong, consistent and predictable response of foraminiferal assemblages extracted from 
limestone beds compared to adjacent calcareous shale or marlstone. However, there are 
some minor differences in foraminiferal assemblages that characterize limestone beds 
from the adjacent marlstone beds. These include absence of planktic planispiral 
morphotypes (Globigerinelloides), slight increase in the proportion of planktic biserial 
and triserial morphotypes (Heterohelix and Guembelitria, respectively), and a slight 
increase in the proportion of benthics relative to total foraminifera in the limestone beds. 
Such conditions suggest that the limestones may have been more productive than the 
adjacent shales and marlstones. Reduced salinity or greater stratification of the upper 
water column may have also contributed to the minor differences with assemblages 
preserved in the marlstones and calcareous shales. 
6 
 
1.2.  Introduction 
During the late Cenomanian and early Turonian (~94-93 Ma), the Greenhorn 
transgression flooded the asymmetrical foreland basin to form a shallow seaway (Fig. 1). 
This allowed the deposition of rhythmically bedded sequences including organic-rich 
strata of the Greenhorn Formation and its equivalents (Kauffman 1977; 1984; Hattin, 
1985; Caldwell et al., 1993; Elder and Kirkland, 1993; Leckie et al., 1997; Sageman et 
al., 1997; Arthur and Sageman, 2005). These strata were linked to Oceanic Anoxic Event 
2 (OAE 2) spanning the Cenomanian – Turonian Boundary (C-T). OAE 2 was a short-
lived event (< 1 myr) characterized by a significant positive shift in δ13C of organic 
carbon and carbonate (Fig. 2; Scholle and Arthur, 1980; Pratt, 1984; 1985; Schlanger et 
al., 1987; Arthur et al., 1988; Pratt et al., 1993; Sageman et al., 1998, 2006; Jarvis et al., 
2006, 2011), and by micro- and macrofossil extinctions and diversifications (e.g., Leckie, 
1985; Watkins, 1985; Elder and Kirkland 1985; Elder, 1987; Kennedy and Cobban, 1991; 
Leckie et al., 2002; Gale et al., 2005). The limestone/marlstone bedding couplets of the 
Bridge Creek Member of the Greenhorn Formations are characterized by fluctuations in 
biofacies and organic carbon (Sageman et al., 1997, 1998). Unlike the limestone beds, 
foraminiferal assemblages from the more easily disaggregated marlstone and calcareous 
shales of the Bridge Creek Member at the Rock Canyon section have been extensively 
studied (e.g., Eicher and Worstell, 1970; Eicher and Diner, 1985; Leckie, 1985; Leckie et 
al., 1998; Desmares et al., 2003; Keller et al., 2004; Keller and Pardo, 2004; Caron et al., 
2006). In this study, planktic and benthic foraminiferal assemblages extracted from 
limestone beds allowed a quantitative comparison for potential differences in 
foraminiferal community structure between the limestones and adjacent marlstones and 
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calcareous shales, to determine the effects that cyclically changing conditions had on 
planktic and benthic populations, if any. The results are used to test the proposed ideas on 
the nature of the paleoceanography of the seaway during the Cenomanian- Turonian time. 
Furthermore, foraminiferal population counts from limestone beds might provide higher 
resolution of biotic events for better basin-wide correlations. In addition, a 
comprehensive paleoenvironmental analysis of the Rock Canyon section based on 
foraminiferal assemblages is proposed.  
1.2.1 Geologic Setting 
The stratigraphic and tectonic history of the asymmetrical foreland basin of North 
America is related to the origin and evolution of the Sevier Orogeny (e.g., Price, 1994). 
During Cretaceous time, North America was subjected to extensive flooding as a result of 
tectonic convergence, foreland development, and global sea-level rise. This formed the 
Western Interior Sea (WIS) that at times of sea-level highstand, connected the Tethyan 
and the Boreal seas (Fig. 1; Kauffman, 1977, 1984; Molenaar, 1983; Hay et al., 1993; 
Kauffman and Caldwell, 1993). During the late Cenomanian-early Turonian 
transgression of the Greenhorn Sea, warm Tethyan waters of normal salinity entered the 
basin (Kauffman, 1977, 1984; McNeil and Caldwell, 1981; Caldwell et al., 1993). This 
transgression coincides with the deposition of the organic-rich strata throughout the basin 
that record OAE 2. The Greenhorn Cyclothem ended with sea level fall at the end of the 
middle Turonian (Kauffman, 1985; Sageman, 1977; Arthur and Sageman, 2005).  
Tectonically, the western interior foreland basin can be subdivided, from west to east, as 
follows: 1) rapidly subsiding foredeep; 2) discontinuously active and mobile forebulge; 
3) a broad deep marine axial basin; 4) hinge zone, and 5) a broad shallow relatively stable 
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eastern cratonic platform (Kauffman, 1984). The central axial basin was the deepest part 
of the basin (~175-300 m) that preserved the most complete sequences of marine strata of 
Greenhorn Cyclothem (Kauffman, 1988; Sageman and Arthur, 1994).    
1.2.2 Cenomanian-Turonian Climate and Paleoceanography  
Late Cenomanian time was characterized by significant perturbations in 
paleoceanographic conditions and biogeochemical cycles (e.g., Scholle and Arthur, 1980; 
Pratt and Threlkeld, 1984) and elevated rates of biotic turnover (e.g., Premoli Silva et al., 
1999; Leckie et al., 2002; Caron et al., 2006) associated with the onset of Oceanic Anoxic 
Event 2 (OAE 2; Schlanger and Jenkyns, 1976; Schlanger et al., 1987). During this time, 
increased tectonic activity resulted in elevated levels of atmospheric greenhouse gases, 
causing global warming and accelerating the hydrological cycle (e.g., Bralower et al., 
1997; Larson and Erba 1999; Jones and Jenkyns 2001; Leckie et al., 2002; Jenkyns 2003; 
Weissert and Erba 2004). A pronounced sea-level rise flooded continental interiors to 
form shallow epicontinental seas worldwide (e.g., Brass et al. 1982; Arthur et al., 1987).  
In general, sea surface temperatures (SSTs) of mid-Cretaceous were higher than present 
day (e.g., Huber et al., 1995, 1999, 2002; Hay, 2008). Based on δ18O ratios of pristine 
monospecific foraminiferal tests and the tetraether index of 86 carbon atoms (TEX86), 
early Turonian SSTs in the equatorial Atlantic Ocean were estimated to be in the range of 
32-35°C (Bornemann and Norris, 2007; Forster et al., 2007). A short-lived cooling event 
(<150 ky) during OAE 2 might be the result of the extensive burial of δ13C depleted 
organic carbon (Forster et al., 2007; Barclay et al., 2010; Jarvis et al., 2011). Similarly, 
high-latitude SSTs were much higher than today, with estimates in excess of 20°C (e.g., 
Huber et al., 1995, 1999, 2002; Tarduno et al., 1998; Hay, 2008). This implies a reduced 
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meridional temperature gradient during the mid-Cretaceous that may have negatively 
affected atmospheric and ocean heat transport rates.  
In the WIS, the upper Cenomanian to lower Turonian interval records rising sea level and 
highstand during which the seaway reached its maximum extent and depth (Fig. 1; 
Kauffman, 1977; 1984; Elder and Kirkland, 1993; Sageman and Arthur, 2004). Changes 
in global climate undoubtedly influenced what is recorded in the WIS during the C-T, but 
regional features including tectonics and competition among different watermasses also 
had their imprint (Kauffman, 1984; Eicher and Diner, 1985; Fisher et al., 1994; Leckie et 
al., 1998; Fisher et al., 2003).  Sedimentological, paleontological, and geochemical data, 
as well as numerical models have revealed the complexity of the prevailing climatic and 
oceanographic conditions of the WIS (e.g., Frush and Eicher, 1975; Lloyd, 1982; Parrish 
et al., 1984; Elder papers; Leckie et al., 1991; 1998; Jewell, 1993; Fisher et al., 1994; 
2003; Hay et al., 1993; Slingerland et al, 1996; Schröder-Adams et al., 1996; West et al., 
1998; Fisher, 2003; Elberdak, 2004;  Floegel et al. 2005) These studies suggested that 
Tethyan waters largely moved north along the central and eastern parts of the seaway 
while Boreal waters dominated the northern part of the seaway and flowed south along 
the western margin. In addition, the southern part of the WIS was characterized by a 
warm and humid subtropical climate and resulted in different scenarios for watermass 
distribution and interactions. 
Hay et al. (1993) proposed three scenarios for the mixing of southern and northern 
watermasses. One such scenario is the convergence of these two different watermasses 
along an oceanic front forming a third denser watermass that sinks and flows north and 
south toward the open ocean (caballing; Fig.3). Utilizing constraints from atmospheric 
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general circulation models, Slingerland et al. (1996) suggested a quasi-estuarine 
circulation for the early Turonian WIS with circulation dominated by counterclockwise 
(cyclonic) flow (Fig. 3). Surface runoff from both margins of the WIS caused surface 
water to slope toward the basin center allowing a pathway for fresh waters.  The Coriolis 
force deflects these waters to the right causing them to move as coastal jets northward 
and southward along the eastern and western margins of the basin, respectively. Tethyan 
and Boreal surface waters are drawn into the seaway. These waters mix as they shear past 
each other and form a denser third watermass that sinks, splits, and return to the open 
ocean (Hay et al., 1993; Slingerland et al., 1996; Slingerland and Keen, 1999). The 
strength of the cyclonic gyre is controlled by the difference between the amount of 
precipitation and evaporation (P – E), as well as by changes in the sill depth on both ends 
of the seaway. Under constant insolation values, the two strongest driving forces of this 
type of gyre circulation are the surface runoff and meridional temperature gradients 
(Kump and Slingerland, 1999).  Changes in the amount of surface runoff during the 
precession cycle (Floegel et al., 2005) and/or changes in insolation (Glancy et al., 1993) 
may have significantly affected climate and the sedimentation patterns in the WIS.  The 
Slingerland et al. (1996) model explains the mechanism by which the Tethys watermass 
advanced into the seaway, but failed to produce widespread organic-rich strata or water-
column stratification (Fisher, 2003). Arthur and Sageman (2005) suggested that the 
deposition of organic-rich strata was the result of increasing sill depth as sea level rose 
and quasi-estuarine circulation drew in nutrient-rich subsurface water into the basin 
fueling surface water primary production.  
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Leckie et al. (1998) proposed a circulation model for the WIS based on detailed study of 
foraminifers and clay mineralogy of the shale and marl intervals from three localities 
representing a transect across the southwestern side of the seaway (Fig. 3). They 
suggested that an offshore forebulge may have caused topographic upwelling and 
influenced the circulation and mixing of southern and northern waters along an oceanic 
front across the present-day Colorado Plateau (Fig. 3).  
1.2.3 Origin of Bridge Creek Cycles 
In the Rock Canyon section, the upper Hartland Shale is composed of fine and evenly 
laminated black calcareous shale with sparse zones of microburrowed, marly shale 
(Sageman, 1985, 1989). The overlying Bridge Creek limestone is composed of 
alternating marlstones and limestone that extend laterally for over 1000 km allowing 
basin-wide correlation across the Great Plains region to western Colorado, Arizona, and 
Utah (Fig. 4; Hattin, 1971; 1975; 1985; Elder, 1985; 1987a, b; Elder and Kirkland, 1985; 
Kirkland, 1991; Elder et al., 1994; Leckie et al., 1997). In general, there are three possible 
models to explain rhythmic limestone-marlstone couplets: productivity, dilution, and 
dissolution (Einsele, 1982). The Bridge Creek Limestone couplets of darker, clay- and 
organic carbon-rich, laminated to slightly bioturbated mudrock facies, and lighter, 
carbonate-rich and organic carbon-poor, bioturbated facies have been related to 
Milankovitch cycles (e.g., Gilbert 1895; Barron et al., 1985; Kauffman, 1985; Eicher and 
Diner, 1989;; Gale, 1995; Sageman et al., 1997a; 1998, 2006; Meyers et al., 2001, 2012; 
Meyers and Sageman, 2004).  
 Gilbert (1895) was the first to link Bridge Creek marlstone-limestone couplets to climate 
fluctuations. He suggested that the limestone beds were deposited during wet periods 
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whereas the marlstone beds were deposited during dry periods. Conversely, Pratt 
(1981;1985) suggested that the shales represent humid and relatively cooler climatic 
phases with high freshwater runoff and clay delivery to the interior basin; whereas, the 
limestones represent drier and relatively warmer climate phases, more normal marine 
surface conditions, and a dominance of hemipelagic sedimentation with great reduction in 
clay delivery to the basin (dilution model) (Fig. 5). Alternatively, Eicher and Diner 
(1985, 1989) proposed cyclic productivity fluctuations as the cause for rhythmically 
alternating beds, which represent higher and lower productivity of calcareous planktonic 
skeletons for limestones and shales, respectively (productivity model) (Fig. 5). They 
suggested that the carbonate productivity cycles did not actually occur within the WIS, 
but instead were imported to the seaway from the Gulf of Mexico (western Tethys). 
Sageman et al. (1998) incorporated the dilution and productivity models to explain the 
deposition of the bedding couplets of the Bridge Creek Limestone Member.  They 
suggested that obliquity, which controls seasonality and the intensity of the hydrological 
cycle in higher latitudes, influenced detrital input into the basin, whereas precession 
chiefly controls rates of calcium carbonate production in lower latitudes. These 
rhythmically alternating beds of the Bridge Creek Limestone have been studied 
extensively for their paleontological, sedimentological and geochemical content and they 
have contributed to a well-developed chronostratigraphic framework for C-T boundary in 
the WIS (Sageman and Hollander, 1999; Sageman et al., 1997a, b; 1998, 2006; Meyers et 
al., 2001; Meyers and Sageman, 2004).  
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1.2.4 Ammonite Biostratigraphy of the study interval 
Ammonites of the Cenomanian-Turonian rocks in the WIS are one of the most 
extensively studied molluscan groups that resulted in a well-established biostratigraphic 
framework (Fig. 4). Cobban (1951) introduced the first detailed ammonite zonation 
scheme for mid-Cretaceous rocks in the WIS, which was adopted later with minor 
revisions by Cobban and Reeside (1952). Subsequent studies (e.g., Cobban and Scott, 
1972; Cobban, 1984, 1985, 1988; Elder, 1985; Kennedy and Cobban, 1991; Kennedy et 
al., 2000; Cobban et al., 2006) have added more details, which ultimately resulted in 
today’s applied biostratigraphic framework. Our studied interval is represented by the 
uppermost part of the Metoicoceras mosbyense Zone, the Sciponoceras gracile, 
Neocardioceras juddii, Watinoceras devonense, Pseudaspidoceras flexuosum, and 
Vascoceras birchbyi zones, and lower part of the Mammites nodosoides Zone.  
The upper Cenomanian Metoicoceras mosbyense Zone, which assigned to the Hartland 
Shale Member of the Greenhorn Formation, is widely distributed in the WIS from 
northern Montana to southwest New Mexico (Cobban, 1984; Cobban et al., 2008).  The 
Flag Member of the Mancos Shale in southwest New Mexico contains the most diverse 
assemblage representing the M. mosbyense Zone. While endemic species characterize the 
M. mosbyense Zone fauna in the northern parts of the seaway, a predominantly 
cosmopolitan assemblage characterizes the zone fauna in the southern parts of the seaway 
(Cobban et al., 2008). About twenty-two species belong to the following genera make up 
the zone fauna: Moremanoceras, Placenticeras, Forbesiceras, Cunningtoniceras, 
Calycoceras, Eucalycoceras, Euomphaloceras, Metoicoceras, Nannometoicoceras, 
Vascoceras, Hamites, Metaptychoceras, and Neostlingoceras. In Colorado, the marker 
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species is confined to thin beds of calcarenite in the Hartland Shale Member of the 
Greenhorn Formation (Cobban, 1984).   
The overlying Sciponoceras gracile Zone, which is drawn at the base of limestone Bed 
63 and extends to the base of a calcarenite bed (= LS5) in the middle of Bed 78, 
represents the most diversified faunal assemblage in the Greenhorn Formation (Cobban, 
1952, 1984). In some locations, such as the Black Hills and in southwestern New Mexico, 
the zone is subdivided into two subzones: a lower Vascoceras diartianum Subzone and 
an upper Euomphaloceras septemseriatum Subzone (Cobban, 1984, 1988; Cobban et al., 
2006).  Kennedy and Cobban (1991) argue against this subdivision because the lower 
subzone index species is also found within top of the upper Cenomanian Metoicoceras 
mosbyense Zone. 
In the Rock Canyon section at Pueblo, the index-species Sciponoceras gracile (Shumard) 
is recovered only from limestone Bed 67 (Kennedy and Cobban, 1991; Caron et al., 
2006). In the middle and southern parts of the seaway, the zone is associated with the 
following species:  Worthoceras vermiculus, Worthoceras gibbosum, Scaphites 
brittonensis, Allocrioceras annulatum, Euomphaloceras (Kanabiceras) septemseriatum, 
Metoicoceras geslinianum, Placenticeras sp, Anisocerasn plicatile, Metaptychoceras 
reesidei, Puebloities corrugates, Moremanoceras scotti, Calycoceras naviculare, and 
Pseudocalycoceras dentonens. 
The uppermost Cenomanian Neocardioceras juddii Zone spans the interval from the base 
of LS5 to the base of Bed 84, which records the last occurrence of the index species 
(Kennedy et al., 2005). In Colorado, the occurrence of the index species is sparse and 
first appears in limestone Bed 79 in the Rock Canyon section at Pueblo (Cobban, 1988, 
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Kennedy et al., 2005). In addition to the index species, several other ammonite species 
are limited to this zone fauna, including Euomphaloceras costatum and 
Pseudaspidoceras pseudonodosoides (Kennedy and Conbban, 1991). Decreased surface 
water salinity and oxygen content of the water column may have been the cause of the 
extinction of several ammonite species within this zone (Elder, 1989).  
In Rock Canyon section at Pueblo, the basal Turonian Watinoceras devonense Zone 
extends from the base of limestone Bed 86 about 4.7 m above the base of the Bridge 
Creek Member to the top of bed 89. Furthermore, the first occurrence of the index species 
W. devonense (Wright & Kennedy) is associated with limestone Bed 86, which has been 
selected as the Global Boundary Stratotype Point for the base of the Turonian Stage 
(Kennedy et al., 1999, 2005). Six species of ammonite make up the fauna of this zone 
that includes, Watinoceras devonense,  Watinoceras praercursor, Watinoceras 
depressum, Quitmaniceras reaseri, Quitmaniceras n. sp.?, Allocrioceras larvatum and 
Hamites cimarronensis (Kennedy et al., 2005).  
The overlying lower Turonian Pseudaspidoceras flexuosum Zone spans the interval from 
Bed 90 to Bed 97, which is known as Vascoceras birchbyi bed in the Rock Canyon 
section at Pueblo (Cobban et al., 2008). At this locality, a single specimen of the index 
species Pseudaspidoceras flexuosum (Powell) is found in the Bed 97 (Cobban et al., 
2008). The Pseudaspidoceras flexuosum is widely distributed in the southern part of the 
Western Interior and Trans-Pecos Texas (Kennedy and Cobban, 1991; Cobban et al., 
2008). The most common species of the zone include Quitmaniceras reaseri, 
Kamerunoceras calvertense, Pseudaspidoceras flexuosum, Mammites powelli, 
Vascoceras proprium, Fagesia catinus, Neoptychites sp., Wrightoceras munieri, 
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Thomasites adkinsi, Allocrioceras dentonense, A. larvatum, Sciponoceras sp. and 
Worthoceras sp. (Kennedy et al., 1987; Kennedy and Cobban, 1991).  
The Vascoceras birchbyi Zone extends from the middle of limestone Bed 97 to the base 
of limestone Bed 101 in the Rock Canyon section at Pueblo (Kennedy and Cobban, 1991; 
Caron et al., 2006). The index species Vascoceras birchbyi Cobban and Scott is restricted 
to limestone Bed 97 (e.g., Cobban and Scott, 1972, Cobban, 1984; Kennedy et al., 1999; 
Cobban et al., 2008). The zone assemblage includes Watinoceras coloradoense, 
Neoptychites cephalotus, Fagesia catinus, Puebloites spiralis, Pseudaspidoceras 
flexuosum, Mytiloides columbianus, and Ampakabites collignoni (Cobban, 1984; 
Kennedy and Cobban, 1991).  
In the Rock Canyon section at Pueblo, the uppermost lower Turonian Mammites 
nodosoides Zone spans the interval from base of limestone Bed 101 to the top of 
limestone Bed 120. The index species Mammites nodosoides (Schlüter) is widely 
distributed and has been recorded from much of the northern hemisphere (Cobban, 1984, 
Kennedy et al., 2005). In the WIS, the zone produces a diverse ammonite assemblage in 
the southern parts of the seaway and several species of the assemblage extend north to 
Wyoming and Montana (Kennedy and Cobban, 1991). The zone most common elements 
include  
Tragodesmoceras bassi , T. socorroense, Placenticeras (Karamaites) cumminsi, 
Kamerunoceras turoniense, Morrowites wingi, M. depressus, M. subdepressus, M. cf. 
dixeyi, Mammites nodosoides, Neoptychites cephalotus, Vascoceras sp., Choffaticeras 
pavillieri, Fagesia superstes, Cibobites molenaari, Puebloites greenhomensis, and 
Baculites yokoyamai. 
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1.2.5 Time-scale for the study interval 
The Pueblo section at Rock Canyon Anticline in Colorado is the C-T boundary Global 
Stratotype Section and Point (GSSP) and global reference for OAE 2 studies (Kennedy et 
al., 2005; Sageman et al., 2006). OAE 2 at the Pueblo section spans the uppermost part of 
the Hartland Shale and most of the lower and middle Bridge Creek Limestone members 
of the Greenhorn Formation (Fig. 2). This marks most of the late transgressive systems 
tract of the Greenhorn third-order cycle (Kauffman, 1984b, 1985; Kauffman and 
Caldwell, 1993; West et al, 1998).  
The upper subunit of Hartland Shale is composed of fine and evenly laminated black 
calcareous shale with sparse zones of microburrowed, marly shale (Sageman, 1989). The 
overlying Bridge Creek limestone is composed of alternating limestone and calcareous 
shale or marlstone beds that have been attributed to Milankovitch cyclicity (Figs. 2, 4; 
Gilbert 1895; Kauffman, 1995; Gale, 1995; Sageman et al., 1997a; 1998, and 2006; 
Meyers et al., 2001; Meyers and Sageman, 2004). Interbedded with the C-T boundary 
rocks, at least four thick and regionally persistent bentonite beds, commonly referred to 
as A-D (Figs. 2, 4; Hattin 1971; 1985; Elder, 1985; 1988; Elder and Kirkland, 1985), 
have provided important radiometric age dates (Obradovich and Cobban, 1975; 
Obradovich, 1993, Meyers et al., 2012). A minor global stepwise extinction event among 
macro- and microfauna characterizes the OAE 2 forming regional and global bioevent 
surfaces for correlations (e.g., Elder, 1985; Kauffman, 1988; Sageman et al., 1997b; 
Leckie et al., 1998; Elderbak et al., in review).  
Researchers have utilized bedding characteristics to estimate the periodicity of the 
limestone-marlstone couplets of the Bridge Creek Limestone and linked them to 
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orbitally-forced climatic cycles (e.g., Kauffman, 1977). For example, spectral techniques 
have been applied to C-T boundary strata of the WIS (Sageman et al., 1998; Meyers et 
al., 2001) using different time series datasets including, bedding thickness, % CaCO3, 
grayscale pixel data, and oxygen isotope ratios. Sageman et al. (2006) generated an 
orbital time scale and new C-isotope data for the C-T boundary interval in a core near the 
GSSP at Rock Canyon, Colorado. According to this study, the duration of OAE 2 ranges 
from 563 to 885 kyr depending on the placement of the upper boundary of the event and 
the sedimentation rate for the lower 60 cm of the Bridge Creek Member. They placed the 
C-T boundary age at 93.55 Ma. Meyers et al. (2012) developed an intercalibrated 
astrochronologic and radioisotopic time scale for the same core. The new age for the C-T 
boundary is 93.90 (±0.15) Ma (Meyers et al., 2012).  
1.2.6 Carbon isotope record of the study interval  
The Cenomanian - Turonian stage boundary is characterized by a global positive carbon 
isotope excursion in both carbonate and organic carbon (Arthur et al., 
1985, 1988; Schlanger et al., 1987; Hayes et al., 1989). This excursion, which is 
associated with the major oceanic anoxic event OAE 2, is the result of enhanced burial of 
organic matter in marine sediments either due to increased primary productivity and/or 
increased preservation of organic matter in oxygen-poor depositional environments. 
 In the WIS, strata spanning the Cenomanian – Turonian boundary are characterized by a 
well-developed positive excursion in marine carbonates and organic matter δ13C values 
(Pratt and Threlkeld, 1984; Barron et al., 1985; Pratt, 1985; Arthur et al., 1987, 1988, 
1990; Schlanger et al., 1987; Pratt et al., 1993; Bowman and Bralower, 2005; Caron et 
al., 2006). The distinctive detailed features on the isotopic profiles for the GSSP for the 
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C/T boundary and OAE 2 have become a powerful tool for regional and global 
stratigraphic correlation (e.g., Pratt and Threlkeld, 1984; Caron, 1985; Pratt et al,. 1993; 
Tsikos et al., 2004; Bowman and Bralower, 2005; Gale et al., 2005, Erbacher et al., 2005; 
Caron et al., 2005; Soua et al., 2010; Jarvis et al., 2011). 
 Because of post-depositional diagenesis associated with carbonate rocks, which 
obliterates the primary carbonate carbon-isotope signal, the isotopic composition of the 
organic carbon reservoir is more reliable for stratigraphic correlation (Pratt and 
Threlkeld, 1984).  Pratt and Threlkeld (1984) described three distinctive and 
characteristic features of the δ13Corg profile that have proven to be of a great significance 
in cross-basin correlation. These include initial rapid increase in values and first peak 
recorded just few centimeters below bentonite A, marked (A), a marked drop in the 
isotopic values few centimeters below limestone Bed 77 marked (B), and a second 
broader positive excursion spanning the uppermost Sciponoceras gracile Zone through 
the overlying Neocardioceras juddii Zone to the Cenomanian-Turonian boundary at the 
base of Bed 86, marked (C) (Fig. 2; Pratt, 1985).  Peak (C) on the δ13Corg curve is 
interpreted to be in the basal Turonian of some studies.  
1.2.7 Limestone beds of the study interval 
This study covers the uppermost 70 cm of Hartland Shale and ~9 m of the overlying 
Bridge Creek Limestone members of the Greenhorn Formation at Rock Canyon 
Anticline, west of Pueblo, Colorado.  The uppermost of the Hartland Shale is mainly 
composed of calcareous shale that grades into marl marking the lower contact with 
overlying basal limestone bed of the Bridge Creek Limestone. According to the Eicher 
and Diner (1985; 1989), the uppermost 55 cm of the Hartland Shale should be considered 
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as part of the Bridge Creek Member. The Bridge Creek is ~15 m thick interval composed 
of alternating limestone/marlstone couplets. In this study, 15 major limestone beds of the 
lower and middle Bridge Creek Limestone have been examined for their foraminiferal 
content. According to the bed numbering of Cobban and Scott (1972), the limestones 
correspond to beds: 63, 67, 73, 77, 78, 79, 84, 86, 90, 97, 99, 101, 103, 105, and 107 (fig. 
3). Bed by bed detailed description of most of these limestone beds is provided in Cobban 
(1985). In general, these limestone beds are massive, well indurated, fracture 
conchoidally, well bioturbated, and have low OC content (Elder and Kirkland, 1985). 
Macrofossils are preserved as molds and casts and show no signs of compaction as 
indicated by uncrushed fossils, which maybe because of early cementation and induration 
(e.g., Hattin, 1975; Elder and Kirkland, 1985). Calcareous nannoplankton, foraminiferal 
tests, and inoceramid debris are the major components of most of these limestone beds. 
Some of the limestones have a concretionary appearance, such as beds 67, 73, and 77, 
which are usually softer and break easily (Cobban, 1985; Hattin; 1985, Elder and 
Kirkland, 1985). Stratigraphically, the limestone beds of the Bridge Creek Member 
represent isochronous depositional events, which can be traced across vast expanses of 
the seaway (Fig. 4; Hattin, 1971; 1975; 1985; Elder, 1985, 1989).  
Relative percentages and individual abundances of the fossil components of the limestone 
beds at the Rock Canyon section including Inoceramidae, Ostreidae, ammonites, 
Pectinidae, and Phelopteria are illustrated in figure 6 in Elder, (1985). Previously, 
foraminiferal assemblages of the Rock Canyon Section have been studied only in thin-
sections due to the difficulty of extracting foraminifera from limestone beds (e.g., Caron 
et al., 2006).    
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1.2.8 Foraminiferal record at Rock Canyon, Colorado 
Foraminiferal assemblages of the Bridge Creek Member have been studied extensively 
(Eicher and Worstell, 1970; Leckie 1985; Eicher and Diner, 1985; Leckie et al., 1998; 
Desmares et al., 2003; Keller and Pardo, 2004; Keller et al., 2004; Caron et al., 2006). 
Most of these studies have focused on the more easily disaggregated shale and marlstone 
intervals. A sequence of foraminiferal events was recorded and added biostratigraphic 
significance to the section (Fig. 2). Furthermore, foraminiferal assemblages of the C-T 
boundary rocks contributed significantly in our understanding of the paleoclimates, 
paleoenvironments, and paleoceanography of the WIS during the Greenhorn 
Transgression and OAE 2.   
1.2.8.1 Planktic foraminifera 
Planktic foraminifera are abundant in all beds throughout the studied section with the 
exception of limestone Bed 77 and limestone Bed 97 that are barren of foraminifera. 
Diverse planktic foraminiferal assemblage, including the keeled genus Rotalipora, 
characterizes the uppermost part of Hartland Shale and lowermost half meter of the 
Bridge Creek Limestone (Eicher and Worstell, 1970; Leckie, 1985, Leckie et al., 1998; 
Keller and Pardo 2004; Caron et al., 2006). The top of this interval is marked by the 
extinction of Rotalipora greenhorensis, R. cushmani, Anaticinella multiloculata, and 
Globigerinelloides bentonensis (Eicher and Worstell, 1970; Leckie, 1985) that is 
coincident with first major peak (peak ‘A’) in the δ13C excursion of OAE 2 (Fig. 2; Pratt 
and Threlkeld, 1984; Pratt, 1985; Pratt et al., 1993; Jarvis et al., 2006, 2011). Species of 
Dicarinella and Praeglobotruncana also temporarily disappear in the upper part of the 
Sciponoceras ammonite zone (Leckie, 1985; Caron et al., 2006). The extinction of 
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Rotalipora spp. and Globigerinelloides bentonensis, as well as the temporary 
disappearance of Dicarinella and Praeglobotruncana has been attributed to the expansion 
or incursion of an OMZ with rising sea level (Leckie, 1985; Leckie et al., 1998).  
The last occurrence of the species Anaticinella planoconvexa is reported within Bed 85 
just a few centimeters below the C-T boundary marked by the base of Bed 86 (Fig. 2; 
Keller et al., 2004; Desmares et al., 2003; Caron et al., 2006). The 63-cm thick 
bioturbated calcareous shale of Bed 85 contains no ammonites and therefore is 
considered a C-T boundary precision interval (Caron et al., 2006). Desmares et al. (2003) 
reported what they called “Rotalipora cushmani atypic” within this bed. Leckie (1985) 
also reported finding a specimen of R. cushmani from the uppermost part of Bed 85. 
According to Caron et al. (2006), if this event is present, then it would be considered one 
of the most relevant indicators for the C/T boundary.  
Following the disappearance of the keeled species a significant increase in the proportion 
of the biserial morphotypes, the so-called “Heterohelix shift” (Leckie, 1985; Leckie et al., 
1998), coincides with the base of Neocardioceras ammonite zone and a major δ18O 
depletion event (Fig. 2; Pratt, 1985; Pratt et al., 1993). The reduction in species diversity 
in this interval may have been the result of major influx of fresh water (Leckie et al., 
1998) and/or expansion of OMZ (Leckie, 1985; Keller and Pardo, 2004).  Stressed upper-
water column conditions (reduced salinity) persisted as opportunistic species of 
Heterohelix and Hedbergella continued to dominate the assemblage until species 
diversity recovered in the lower Turonian Mammites nodosoides Zone (Caron et al., 
2006). However, thin-sections showed a sparse occurrence of praeglobotruncanids in 
limestone Bed 86 and dicarinellids in limestone Bed 90 (Caron et al., 2006). Full 
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recovery of species diversity occurs in Bed 102. This also coincides with the first 
appearance datum for the lower Turonian marker species Helvetoglobotruncana helvetica 
(Fig. 2; Caron et al., 2006). Keller and Pardo (2004) reported a lower occurrence (Bed 
89) for H. helvetica; however, scanning electron microscope images (SEM) of the species 
are problematic.  
1.2.8.2 Benthic foraminifera  
Unlike planktic foraminifera, benthic foraminifera are scarce to absent in the C-T rocks at 
the RC section (Eicher and Worstell, 1970; Eicher and Diner, 1985, 1989; Leckie 1985; 
Leckie et al., 1998). While planktic foraminifera in limestone beds of the Bridge Creek 
Limestone were previously investigated in thin-sections by Caron et al. (2006), benthic 
foraminifera in the limestones have never been previously investigated. The Hartland 
Shale Member of the Greenhorn Formation lacks benthic foraminifera except for the 
uppermost 50 cm, which contains a depauperate assemblage of low diversity calcareous 
benthics (Eicher and Worstell, 1970; Eicher and Diner, 1985). However, a few 
centimeters above the basal limestone bed (Bed 63) of the overlying Bridge Creek 
Limestone a sharp increase in the proportion of benthic foraminifera is known as the 
“Benthonic Zone” (Eicher and Worstell, 1970). The “Benthonic Zone” is characterized 
by diverse populations of benthic foraminifera dominated by calcareous taxa of southern 
affinities and it represents an important regional bioevent recognized across the seaway 
from Texas to the southern prairie Provinces of Canada (Eicher and Worstell, 1970; 
Frush and Eicher, 1975; McNeil and Caldwell, 1981; Eicher and Diner, 1985, Leckie 
1985; Leckie et al., 1998; Elderbak et al., in review; Lowery et al., in review). The 
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benthonic zone is restricted to the Sciponoceras Zone and corresponds with the first δ13C 
positive carbon excursion marking the onset of OAE 2 (Fig. 2). 
At the RC section, the benthonic zone spans the uppermost 50 cm of the Hartland Shale 
to 1.3 m above the base of limestone Bed 63 just a few centimeters below limestone Bed 
73 (Fig. 2; Eicher and Worstell, 1970; Leckie 1985). A marked reduction in the 
proportion and species diversity of benthic foraminifera is recognized just above Bed 73 
represented by sample BC6 in Leckie (1985) before a diverse benthic assemblage similar 
to that of the benthonic zone reappears at the top of the Sciponoceras gracile Zone and 
precedes the widespread Heterohelix shift event (Leckie et al., 1998). This “brief benthic 
recovery event” of Leckie et al. (1998) has been traced into eastern Kansas and found to 
be synchronous (Fig. 2; Elderbak et al., in review).  
At the Sciponoceras gracile/Neocardioceras juddii zonal boundary, the low-oxygen 
tolerant infaunal Neobulimina albertensis dominates benthic foraminiferal assemblages 
after a brief acme of the epifaunal species Gavelinella dakotensis, which may suggest a 
greater flux of either terrestrial or marine organic matter (Leckie et al., 1998). This also 
coincides with the widespread Heterohelix shift event, δ18O depletion, and a major influx 
of illite and kaolinite (Fig. 2; Leckie et al., 1998). Leckie et al. (1991) suggested that the 
Heteroheix shift was related to the expansion or incursion of an oxygen minimum zone 
(OMZ) into the seaway rather than to slightly lower salinity conditions in the near-
surface waters. 
1.3.  Materials and Methods 
A total of 34 samples spanning ~9 m of the Cenomanian – Turonian boundary interval 
from the Rock Canyon Section comprise the uppermost Hartland Shale and lower Bridge 
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Creek Limestone Members of the Greenhorn Formation near Pueblo, Colorado were 
collected by the authors during the summer of 2009. Twenty of these samples are from 
limestone beds and the rest are from either marlstone or calcareous shale. The sampling 
procedure in this study considered previous sampling increments of Leckie (1985) and 
Leckie et al. (1998) to generate a high-resolution sampling by filling the gaps from the 
previous studies and generate a composite section representing all depositional facies of 
the studied interval. The composite section, therefore, is represented by 57 samples. 
In this study two different procedures were applied for extracting foraminifera from the 
more easily disaggregated shales and indurated limestone samples.  The shale samples 
were crushed manually to pea-size and soaked in a weak hydrogen peroxide-Calgon 
solution for at least 24 hrs. The disaggregated sediment was washed over 63 µm sieve 
and placed in petri dish and put in the oven. Indurated marlstone and limestone samples 
were crushed manually into mainly three classes ranging from powder to pea-size 
fractions with the importance of having at least 25% of the sample of powder size. About 
50 ml of sample was put in 500 ml beaker and immersed in 100 ml of diluted 80% acetic 
acid following the method proposed by Kariminia (2004) with some modifications. 
Duration of sample immersion varied from sample to sample and depends on the degree 
of induration and %CaCO3 content, ranging from 4 to 8 hours, at which time the 
chemical reaction changes from gentle bubbling to vigorous bubbling and begins forming 
foam. Once the samples began to vigorously bubble and create a foam, they were then 
continuously rinsed with water for at least 15 min over a 63 µm sieve to prevent 
reactivation of the chemical reaction.  
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The residues of both shale/marlstone and limestone samples were dried in an oven at 
50°C for at least 24 hrs. The residues were then split, using a microspliter, to an amount 
of sediment small enough to yield a reasonably sparse distribution of particles on a 
picking tray. Foraminifera were picked in a systematic way until at least 300 specimens 
were collected and mounted on a microslide. Planktic foraminiferal assemblages are 
abundant in most of the samples allowing only one pick to reach the statistically required 
number of planktics. A "second pick" was made on samples containing too few benthic 
specimens for population analysis. The residues were then examined for rare species in 
the >250 µm, 150 to 250 µm, and 63 to 150 µm size fractions. Approximate abundance 
of biogenic and lithic components including shell fragments, fish debris, bivalve shell 
prisms (Inoceramus prisms), quartz, mica, and pyrite in the sand-size fractions are 
estimated for environmental interpretations.   
Preservation of foraminifera was generally moderate to poor in the limestones allowing in 
many cases generic identification only. Diversity, abundance, and morphologies of 
benthic and planktic foraminiferal species are utilized.  Diversity of both planktic and 
benthic foraminifera are determined by applying the Shannon-Wiener information 
equation:  
                                                   H= ∑ −(Pi ∗ ln Pi)Si=1  
H(S) is the diversity; S the number of species observed and Pi the proportion of the ith 
species. Taxonomic concepts follow Eicher and Worstell (1970) and Leckie (1985). 
Previously published data from Caron et al. (2006), including δ18O, δ13C, TOC values, 
and %CaCO3 are integrated with our results. General observations of chemical and 
paleontological changes allowed subdividing the section into three intervals, which 
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facilitates investigating the relationship between environmental variables such as TOC, 
δ18O, δ13C, and %CaCO3 and different species groups and morphologies of both planktic 
and benthic foraminifera.  
1.4. Results 
A dark black calcareous shale sample from the uppermost Hartland Shale Member (-55 
cm) did not yield enough foraminifera and is not included in this study data set. All 
limestone samples yielded abundant planktic foraminifera except limestone beds 77 and 
97. These two beds may have been undergone severe diagenetic alteration. Cobban 
(1985) indicated that limestone Bed 77 contains poorly preserved macrofossils. Caron et 
al. (2006) suggest strong early diagenesis for beds 75 and 77. Bed 97, which forms the 
base of the Jetmore Chalk Member of the Greenhorn Formation “JT-1” in central Kansas 
(Hattin, 1971; 1975), is rich in calcispheres especially west of Kansas (Hattin, 1985). Bed 
97 is the most persistent and has the greatest geographic distribution of the limestone 
beds of the Bridge Creek Member and its equivalents elsewhere in the WIS (Hattin, 
1979; 1985). Thin-sections from limestone beds 77 and 97 show traces of few species of 
Whiteinella (Caron et al., 2006).  
1.4.1 Planktic Foraminifera 
Most of the uppermost Hartland Shale samples contain abundant and diverse planktic 
foraminifera including specialized keeled species that make a significant proportion of 
the larger (>250 µm) size fraction of the studied samples (Fig. 7). In general, trochospiral 
taxa, mainly Hedbergella and Whiteinella dominate all these samples. Relative 
abundance of planktic foraminifera in total foraminiferal assemblages decreases slightly 
upward from 100% to 87% at the contact with the basal limestone bed (63) of the Bridge 
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Creek Limestone marking the base of the “Benthonic Zone” of Eicher and Worstell 
(1970) and the base of the Sciponoceras gracile ammonite zone. Biserial taxa 
(Heterohelix) make up less than 50% of planktic foraminifera in the uppermost Hartland 
Shale.  Planispiral taxa (Globigerinelloides) range in their relative abundance from less 
than 1% to ~6%. Guembelitria a triserial morphotype increases up-section from 0% to 
~7% at the contact with overlying Bridge Creek Limestone Member (Fig. 7). Species 
diversity of planktic foraminifera in these samples ranges between 1.5 and 1.7 in 
Shannon-Wiener index.  
There is a slight decrease in the proportion of the planktic foraminifera in the three 
samples taken from the 46-cm thick basal limestone (Bed 63) of the Bridge Creek 
Limestone Member (Fig. 7). However, relative abundance of different planktic 
foraminiferal morphotypes do not show remarkable change from that of the underlying 
shale samples, with the exception of the disappearance of Globigerinelloides from the 
limestone samples (Fig. 7).  In general, trochospiral taxa slightly dominate all the 
previous samples. The marlstone Bed 64 that forms the upper contact with the basal 
limestone records a significant change in the planktic foraminiferal assemblage including 
slight increase in the planktic proportion. Here, trochospiral taxa takeover the niche and 
considerably dominate the planktic assemblage (>70%).  
Higher in the Sciponoceras gracile Zone, the proportion of planktic foraminifera is 
reduced considerably in two major concretionary limestone beds (67 and 73) making 
73% and 77%, respectively. In both samples, an increase in Guembelitria coincides with 
a decrease in keeled and planispiral species (Fig. 7). The Shannon-Wiener diversity index 
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for both limestone samples is ~1.4, which is similar to that of the lower and upper 
samples from limestone Bed 63.  
At the base of the Neocardioceras juddii Zone, a rapid and significant increase in the 
proportion of biserial morphotype taxa is recorded in a well-bioturbated limestone bed 
(78) known as LS5 (Fig. 7); Elder, 1985). Biserial taxa constitute ~66% of total planktic 
assemblage. This records the beginning of the widespread “Heterohelix shift” event of 
Leckie (1985).  This also coincides with a significant increase planktic foraminiferal 
proportion and decrease in planktic species diversity. A subsequent reduction in planktic 
foraminiferal proportion (~66%) is recorded in two samples from limestone Bed 79, 
which underlies the widespread bentonite “B”. This is accompanied by a low Shannon-
Wiener diversity index and persistent of Heterohelix species dominance. A sample from 
middle of limestone Bed 84 shows a similar trend to that of the samples from Bed 79.  
Two new samples have been taken from the 58 cm-thick calcareous shale Bed 85 that 
represents the topmost Cenomanian strata at Rock Canyon (Caron et al., 2006). One 
sample was collected from the laminated lowermost 10 cm and the other one was 
collected from the middle of the bioturbated portion of the same bed.  Foraminiferal 
assemblages of this bed have been previously investigated from 4 samples, one of which 
came from the lowermost laminated interval (Leckie, 1985). In this study, the planktic 
foraminiferal assemblage of the laminated sample makes ~98% of total foraminiferal 
counts whereas in the bioturbated sample it makes ~70% of total foraminiferal 
population. Biserial morphotype taxa dominate both samples.  In general, triserial taxa 
are rare and make less than 1% in the laminated calcareous shale sample and ~3% for the 
bioturbated calcareous shale sample. Traces of the planispiral morphotype are found in 
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the laminated sample only whereas specialized keeled species are absent in both samples. 
Anaticinella planoconvexa, which has been previously reported from Bed 85 (Desmares, 
2003; Caron et al., 2006), is not present in either sample. However, foraminiferal shells in 
this interval show clear sign of compaction reflected in great changes in the periphery, 
chamber shape, and degree of convexity. In general, Shannon-Wiener diversity index for 
planktic foraminifera in the laminated shale is ~1.2 and ~1.0 in the bioturbated shale. 
Limestone beds 79 and 84 record a decrease in planktic foraminiferal proportion in total 
foraminiferal counts but both limestone beds show no significant change in species 
diversity from that of the adjacent shale or marlstone. This interval is characterized by 
absence of keeled species in all the studied samples and an absence of planispiral taxa in 
the limestone beds.  
Limestone Bed 86 corresponds to the base of the Turonian and the lowest occurrence of 
maker ammonite Watinoceras devonense that extends to the base of Bed 90 (Kennedy 
and Cobban, 1991; Kennedy et al., 1999; Caron et al., 2006). Planktic foraminifera in 
these two limestone beds dominate the assemblages making up ~91% and 88% of the 
total foraminifera, respectively (Fig. 7). Both limestone beds show similar trend in terms 
of planktic foraminiferal morphotype proportions. Biserial taxa dominate planktic 
assemblages in both samples and triserial taxa make less than 2%. Keeled species are 
absent in limestone Bed 86, but they make ~1.5% of the planktic foraminiferal 
assemblage in Bed 90. The Shannon-Wiener diversity index in both limestone beds is low 
(~1.0).  
The relatively thin, well-bioturbated marlstone Bed 99 is equivalent to Bed JT-2 in 
Kansas (Hattin, 1975; 1979) and contains an abundant foraminiferal assemblage. Planktic 
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foraminifera make ~82% of total foraminifera. Biserial taxa make ~67% of the planktic 
assemblage, trochospiral taxa 28%, triserial taxa 5%, and keeled species less than 0.5%. 
Similar to Bed 90, biserial species dominate the smaller size fraction, whereas, 
trochospiral species dominate the large size fraction (150-250 µm) of the planktic 
assemblage. Shannon-Wiener diversity of planktic foraminifera is ~1.1.  
The lower Turonian Mammites nodosoides Zone is represented by seven samples four of 
which are from limestone beds 101, 103, 105 and 107 and the other three are from 
marlstones beds 102, 104, and 106 (Fig. 7).  Planktic foraminiferal proportion in these 
samples ranges from 81% to ~100%. Planktic foraminiferal proportions of the limestone 
beds are usually less than that in the marlstone beds with the exception of limestone Bed 
105. Biserial taxa dominate all samples with a slight increase in their proportion in the 
limestone beds compared to that in the adjacent marlstone beds (Fig. 7). This also is 
accompanied by presence of triserial and keeled taxa in the limestones. The early 
Turonian marker species Helvetoglobotruncana helvetica has been recovered from 
limestone Bed 103. In general, Shannon-Wiener diversity index of planktic foraminiferal 
species in this zone slightly higher in the marlstone beds than that of the limestone beds.  
1.4.2 Benthic Foraminifera 
Benthic foraminiferal assemblages have been long reported from the shale and marlstone 
beds of the C/T boundary interval at the Rock Canyon section (e.g., Eicher and Worstell, 
1970; Leckie, 1985; Leckie et al., 1998). These studies indicated poor presence for 
benthic foraminifera throughout the C/T interval with the exception of a short interval 
known as “Benthonic Zone” of Eicher and Worstell, (1970). Benthic foraminifera are 
sparse throughout the studied interval and most of the samples required a second pick to 
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acquire statistically significant populations (Figs. 7, 8). The first two samples of the 
uppermost Hartland Shale are devoid of any benthics and the first appearance of benthic 
foraminifera (Neobulimina) is recorded at 25-cm below Bed 63 marking the base of the 
overlying Bridge Creek Limestone (this study and Leckie, 1985).    
The data show a gradational increase in the proportion of benthic foraminifera up-section 
in the uppermost 25-cm of the Hartland Shale (Figs. 7, 8). The appearance of benthic 
foraminifera in this interval records the onset of the “Benthonic Zone” of Eicher and 
Worstell (1970). Diverse benthic foraminiferal assemblages characterize this interval as it 
has been previously reported (Eicher and Worstell, 1970; Eicher and Diner, 1985; Leckie, 
1985; Leckie et al., 1998). The Benthonic Zone coincides with the upper Cenomanian 
Sciponoceras gracile Zone that marks a rapid improvement in conditions (oxygen, food 
influx, and substrate) at the seafloor of the WIS. In general, preservation of benthic 
foraminifera in limestone beds is generally good and slightly better than their 
counterparts recovered from marlstone beds. 
Within the S. gracile Zone, four limestone beds 63, 67, 73 and 78 along with one 
marlstone bed that forms the upper contact of Bed 63 have been investigated for their 
benthic foraminiferal content. While infaunal Neobulimina albertensis dominates benthic 
foraminiferal assemblages in Bed 63 and Bed 78; other calcareous species including 
Buliminella fabilis, Tappanina laciniosa, and Gavelinella plummerae dominate the 
benthic assemblages in limestone Beds 67 and 73, and marlstone Bed 64 (Fig. 8). A 
diverse assemblage of calcareous benthics characterizes this zone, including N. 
albertensis, B. fabilis, T. laciniosa, Gavelinella dakotensis, G. plummerae, Valvulineria 
loetterlei, Lingulogavelinella modesta, L. newtoni, L. asterigerinoides, Cassidella 
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tegulata, Fursenkoina croneisi, Ramulina globulifera, Nodosaria bighornensis, 
Lenticulina gaultina, Quinqueloculina moremani, Lagena striatifera, and Pleurostomella 
nitida. Trace specimens of a single agglutinated species, Gaudryina cf. G. quadrans, with 
southern affinities (Eicher and Worstell, 1970; Leckie et al., 1998) have been recovered 
from this interval. Shannon-Wiener diversity index for benthic foraminifera within this 
interval ranges from less than 1.0 to ~2.0. While limestone Bed 67 has the greatest 
Shannon-Wiener diversity (~2.0), limestone Bed 78 (LS5), which forms the base of the 
overlying Neocardioceras juddii zone, has the least Shannon-Wiener diversity (~0.5). 
This significant reduction in diversity of benthic foraminifera at the S. gracile /N. juddii 
boundary corresponds to extinction of a number of molluscan taxa in the Rock Canyon 
section (Elder, 1991) and follows the “brief benthic recovery event” of Leckie et al. 
(1998).   
Within the uppermost Cenomanian Neocardioceras juddii Zone, the proportion of 
benthic foraminifera in the limestone beds is greater than that in the adjacent calcareous 
shale or marlstone beds. In fact, the highest percentage of benthic foraminifera (~34%) in 
the entire studied section is recorded in limestone Bed 79 (Fig. 8). At the base of this 
zone, a significant increase in the proportion of the epifaunal species Gavelinella 
dakotensis recorded in two shaly samples indicating a “productivity event” (Fig. 8; 
Leckie et al., 1998). In this study, infaunal species Neobulimina albertensis dominates 
benthic foraminifera in all samples with the exception of marlstone Bed 83 where the 
infaunal species Buliminella fabilis dominates the benthic assemblage. Trace abundances 
of the agglutinated species Coscinophragma ? codyensis have been recovered from two 
samples one of which was from limestone Bed 79 and the other was from marlstone Bed 
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83. Within the same interval, this species have not been previously reported south of 
Horsetooth Reservoir in northern Colorado (Eicher and Worstell, 1970). The significant 
change in benthic foraminifera from diverse and heterogeneous foraminiferal 
assemblages of the Sciponoceras gracile Zone to high dominance, low diversity 
assemblages in the overlying Neocardioceras juddii Zone has been related to changes in 
the benthic oxygenation and trophic resources to the seafloor (Leckie et al., 1998). Q-
mode cluster analysis produced two major clusters of samples highlighting the changes in 
assemblages during the latest Cenomanian to early Turonian (Fig. 9). There are no 
significant changes in benthic foraminiferal structure into the lower Turonian 
Watinoceras devonense zone (Fig. 8).  However, limestone Beds 86 and 90 show slight 
improvement in the Shannon-Wiener diversity compared to that of the adjacent shale 
beds. Here, Neobulimina continues to dominate benthic foraminiferal assemblages but 
with variable proportions of Gavelinella dakotensis and other calcareous benthics. 
A significant environmental change associated with the Pseudospidoceras flexuosm and 
Vascoceras birchbyi zones eliminated benthic foraminifera in the shaly beds of this 
interval. However, diverse and relatively abundant benthic foraminiferal assemblages 
characterize marlstone Bed 99 and limestone Bed 101 at the base of the overlying 
Mammites nodosoides Zone (Fig. 8). In these latter two beds, benthics make ~20% of 
total foraminiferal assemblage, but the marlstone has a greater Shannon-Wiener diversity 
(~1.1) than that of the limestone bed (~0.3). A continued stressed benthic condition (low 
oxygen) at the base of Mammites nodosoides Zone is evidenced by the continued 
dominance of infaunal Neobulimina (Fig. 8).  Benthic foraminifera completely 
disappeared from two samples in the middle of the M. nodosoides Zone. Limestone Bed 
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107 that forms the top of the studied interval contains relatively abundant (~20%) and 
diverse (~1.2) benthic foraminiferal assemblage (Fig. 8).   
1.5.  Discussion 
1.5.1 Foraminiferal assemblages, lithofacies, and environmental implications  
Macro- and microfossil studies of the rhythmic bedding cycles of the Bridge Creek 
Limestone reveal a strong relationship between faunal association and lithofacies. For 
example, carbonate-rich beds are mainly associated with diverse ammonites whereas 
carbonate-poor beds are associated with abundant oysters and/or inoceramid bivalves 
(Elder, 1985; Elder and Kirkland, 1985). Furthermore, diversity of nannofossil 
assemblages fluctuates with the change in %CaCO3; limestone beds contain diverse 
nannofossil assemblages with high equitability values and marlstone beds contain less 
diverse nannofossil assemblages dominated by species indicating high surface water 
primary productivity (Watkins, 1989).  
In this study, extraction of foraminifera from limestone beds of the Bridge Creek 
Limestone allowed quantitative comparison with assemblages extracted from adjacent 
marlstone/shale beds (Leckie, 1985; Leckie et al., 1998). The results show a subtle cyclic 
response of foraminiferal assemblages between limestones and adjacent lithofacies. For 
example, relatively abundant and diverse benthic foraminiferal assemblages characterize 
both the limestone beds and most of the adjacent marlstone beds in the lowermost part of 
the studied section (Fig. 8). In fact, some of these marlstone samples contain more 
diverse benthic assemblages than that of the limestone beds, and the diversity of planktic 
foraminiferal assemblages in some marlstone samples is greater or similar to that of the 
limestone beds, which seems counter-intuitive based on previous models and 
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interpretations for the origin of the limestone-marlstone couplets. In general, however, 
benthic foraminiferal assemblages suggest that limestone beds are more ventilated than 
the adjacent marlstone beds. 
To summarize the major changes documented in foraminiferal assemblages, the studied 
section is subdivided into three intervals based on the nature of foraminiferal assemblages 
present. The lower interval spans the uppermost Hartland Shale (-15 cm) to the upper 
Cenomanian Sciponoceras gracile Zone (230 cm), which is characterized by abundant 
and diverse planktic and benthic foraminiferal assemblages. The middle section is 
represented by abundant but low diversity planktic foraminiferal assemblages, and low 
diversity benthic assemblages mostly dominated by low-oxygen tolerant infaunal 
Neobulimina albertensis. This middle interval spans the uppermost Cenomanian 
Neocardioceras juddii Zone and the basal TuronianWatinoceras devonense Zone (Figs. 7, 
8). The upper interval extends from the base of the lower Turonian Pseudaspidoceras 
flexuosum Zone to the top of the studied section at 8.31 m and it is characterized by 
abundant, moderately diverse planktic foraminiferal assemblages and sparse benthics 
(Figs. 7, 8). To investigate the stratigraphic significance of the benthic foraminiferal 
assemblage changes in more detail, we discuss correlation between proportion of 
different morphotype groups and a number of environmental variables values including 
δ18O, δ13C, CaCO3, and TOC (Table. 1 A-C).  
1.5.1.1 Planktic foraminiferal assemblages 
Planktic foraminiferal assemblages of the limestone beds sometimes show distinct 
characteristics in comparison to that of the marlstones and shales. Globigerinelloides had 
a wide paleobiogeographic distribution with relatively low abundance (Leckie et al., 
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1998).  It is considered to have been more sensitive to environmental changes than some 
species of Hedbergella and Whiteinella based on its tendency to disappear before other 
taxa in a shoreward direction (Leckie et al., 1998). Abramovich et al. (2003) showed that 
late Campanian-Maastrichtian species of Globigerinelloides were thermocline dwellers 
based on stable isotopic evidence, and Petrizzo et al. (2008) showed that G. bentonensis 
was a thermocline dweller during the late Albian.  In the WIS, Globigerinelloides 
bentonensis appears in abundance shortly after the onset of the Greenhorn deposition and 
becomes common in the Sciponoceras gracile Zone before going extinct at the same 
level as the keeled genus Rotalipora (Fig. 6; Eicher and Worstell, 1970; Leckie, 1985).  
This species is absent from the limestone beds (Fig. 7). In general, values of %CaCO3 
show statistically significant negative correlation (r = -0.7) with the proportion of 
planispiral Globigerinelloides. The presence or absence of Globigerinelloides 
bentonensis in the WIS may be related in part to stratification of the upper water column 
or mixing, respectively. 
Keeled genera are relatively common within the Sciponoceras gracile Zone but may have 
suffered stressed environmental consequences that resulted in the extinction of 
Rotalipora and temporary disappearance Praeglobotruncana and Dicarinella. Based on 
their paleobiogeographic distribution and by analogy with habitat depth of living keeled 
globorotalliids these genera are believed to have been specialist, thermocline-dwelling 
planktic foraminiferal species during mid-Cretaceous time (Hart, 1980, 1999; Caron and 
Homewood, 1983; Leckie, 1987). This conjecture was later supported by oxygen isotope 
data (e.g., Corfield et al., 1990; Norris and Wilson, 1998; Petrizzo et al., 2008). The 
Sciponoceras gracile Zone coincides with a rapid incursion of a warm southern Tethyan 
38 
 
watermass into the WIS as indicated by the marked abundance and diversity of 
foraminiferal and molluscan assemblages reaching far north into the seaway (Eicher and 
Worstell, 1970; McNeil and Caldwell, 1981; Kauffman, 1984, 1985; Eicher and Diner, 
1985; Elder, 1985; Kauffman and Caldwell, 1993). The disappearances of more sensitive 
planktic morphotypes such as keeled species (Rotalipora) as well as Globigerinelloides 
have been attributed to the impingement of an OMZ into the WIS from the southern end 
of the basin (e.g., Leckie, 1985; Leckie et al., 1998). Arthur and Schlanger (1979) 
suggested that a strong OMZ prevailed in the proto-Gulf of Mexico during the 
Cenomanian-Turonian boundary interval.  
During early maximum Greenhorn transgression a counterclockwise gyre developed in 
the WIS (Fig. 3 C; Slingerland et al., 1996) allowing warm surface and oxygen-depleted, 
nutrient-rich subsurface waters waters to be drawn into the basin from the south (Arthur 
and Sageman, 2004). However, the “Benthonic Zone” is a unique short-lived interval that 
is represented by diverse and relatively abundant benthic, planktic, and nektonic 
community in both limestone and marlstone beds arguing against the hypothesis of OMZ 
incursion into the WIS at this time. Proliferation of such diverse benthic foraminiferal 
assemblages represents a significant increase in vertical circulation in which the seafloor 
becomes ventilated (Eicher and Diner, 1985). Furthermore, numerical oceanographic 
models suggest that limestones of the Bridge Creek Limestone represent ventilated water 
column as the northern and southern watermasses met at an oceanic front to form a 
denser third watermass that sunk and flow toward the open ocean (Fig. 3 A, C; Hay et al., 
1993; Slingerland et al., 1996; Kump and Slingerland, 1999; Slingerland and Keen, 
1999). In general, total organic carbon (TOC) content values in the Sciponoceras gracile 
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Zone are low <1% for both limestones and marlstones supporting the interpretation of a 
well-ventilated seafloor early in the deposition of the Bridge Creek Limestone Member 
(Figs. 7, 8; Pratt and Threlkeld, 1984; Pratt, 1985; Pratt et al., 1993; Sageman et al., 
1997a, 1998; Bowman and Bralower, 2005; Caron et al., 2006).  
The extinction of Rotalipora greenhorensis was just a few centimeters below limestone 
Bed 67 and was followed by the extinction of Rotalipora cushmani and 
Globigerinelloides bentonensis a few centimeters above the same bed (Fig. 6). This 13 
cm-thick limestone bed contains no keeled species and no Globigerinelloides bentonensis 
but sparse occurrence of Globigerinelloides caseyi. The disappearance of Rotalipora 
cushmani and Globigerinelloides bentonensis from Bed 67 prior to their extinction 
suggests that the breakdown of water column stratification significantly influenced the 
habitat of these species. Huber et al. (1999) suggested that deep water warming during 
the latest Cenomanian may have caused a water column stratification breakdown 
effecting deepest dwelling species reproduction and hence their extinction.  
Limestone beds of the Sciponoceras gracile Zone are also characterized by a proportional 
increase of planktic triserial and biserial morphotypes. These taxa among others are 
considered “Epicontinental Sea Fauna” (Leckie, 1987) and may have been tolerant to 
significant changes in seasonal productivity, salinity, and temperature (Leckie et al., 
1998). Heterohelix is the most abundant planktic genus in the Cenomanian – Turonian 
rocks of the WIS (e.g., Eicher 1969; Eicher and Worstell, 1970; Caldwell et al., 1978; 
McNeil and Caldwell, 1981). In general, biserial (Heterohelix) and triserial 
(Guembelitria) planktic morphotypes tend to occupy shallower and more proximal waters 
of epicontinental seas during mid-Cretaceous time (Leckie, 1987; Nederbragt, 1991; 
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Leckie et al., 1991, 1998). The increased abundance of both taxa in the limestone beds of 
the Sciponoceras gracile Zone suggests that significant environmental and/or 
paleoceanographic changes occurred during their deposition. According to the dilution 
model, limestones represent times of reduced surface runoff and an enhanced condition 
of pure carbonate influx to the seafloor (Fig. 5). However, planktic foraminiferal 
assemblages suggest that significant changes occurred in the surface water of the central 
part of the seaway during deposition of these limestones. These changes may include 
increase in surface water productivity and/or fluctuations in surface water temperature 
and/or salinity, which support the productivity model.  
Major changes in planktic foraminiferal assemblages coincide with the base of the 
uppermost Cenomanian Neocardioceras juddii Zone recording a significant 
paleoenvironmental event. Planktic biserial morphotypes dominate planktic foraminiferal 
assemblages initiating the widespread “Heterohelix shift” event (Fig. 7). This event had 
been previously recorded in a shaly interval of Bed 78 (Leckie, 1985) just a few 
centimeters above a chalky limestone bed known as LS5 (Elder, 1985) and had been 
explained in the context of the dilution model. A significant negative δ18Ocarb shift at the 
base of the Neocardioceras juddii Zone has been attributed to a major influx of fresh 
water to the seaway (Pratt, 1984; 1985; Barron et al., 1985; Pratt el al., 1993).  Increased 
surface runoff from the margins of the seaway diluted surface water creating a stressed 
environment that favored Heterohelix to dominate the niche. This event is also associated 
with a marked influx of discrete illite and kaolinite, which suggests warm, wet climatic 
conditions prevailed at the source (Leckie et al., 1998). In this study, however, the 
“Heterohelix event” actually began during the deposition of limestone Bed LS5 (Fig. 7). 
41 
 
This finding contradicts the dilution model, which suggests a dry climatic mode during 
deposition of limestone beds. If we accept that changes in the planktic foraminiferal 
assemblages at the base of Neocardioceras juddii Zone were a result of fresh water influx 
into the basin as the oxygen isotope and clay mineralogy data suggest, then both the 
limestone and marlstone/shale beds must have been deposited during wet climates. The 
oceanographic model of Slingerland et al. (1996) proposed that during wet climates high 
surface runoff from both margins of the seaway created a strong counterclockwise gyre 
allowed formation of a third watermass that sunk and ventilated the seafloor which 
characterizes the limestone beds. However, the question remains: How could such 
diverse planktic foraminiferal assemblages characterize both the limestone and marlstone 
beds in the Sciponoceras gracile Zone, if surface runoff is suggested for the deposition of 
either lithology? The answer to this question requires a full understanding of the 
paleoceanographic processes were acting across the seaway during the Cenomanian – 
Turonian boundary which will be discussed later in this paper.  
In the middle of the Neocardioceras juddii Zone, limestone beds 79 and 84 are 
characterized by reduced planktic proportion suggesting either better conditions of 
benthics or stressed environment for planktics. Unlike limestone beds of the underlying 
Sciponoceras gracile Zone, biserial morphotypes, in general, dominate planktic 
foraminiferal assemblages of the Neocardioceras juddii Zone limestones (Fig. 7). 
Shannon-Wiener diversity index for planktic foraminiferal assemblages in these 
limestone beds ranges from 1.1 to 1.3, which is less than that of the limestone beds of the 
Sciponoceras gracile Zone (1.3 to 1.7). This upward reduction in the Shannon-Wiener 
diversity in limestone beds may mimic deteriorating changes in the environmental 
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conditions in the seaway and/or an increase in the independence of the seaway from 
Tethyan influences.  
According to the dilution model, times of limestone bed deposition should represent 
better conditions for the planktic community than intervening marlstone or shale 
intervals. However, some planktic foraminiferal assemblages of the Neocardioceras 
juddii Zone suggest an opposite trend. For example, the proportion of the species 
indicative of stressed environment (e.g., Heterohelix and Guembelitria) in two samples 
from limestone Bed 79 is greater than that of samples from the adjacent marly intervals. 
In addition, the absence of planispiral Globigerinelloides in the limestone beds and 
presence in the shaly intervals suggests a more stressed environment (reduced salinity 
and/or elevated primary productivity) during deposition of limestones.  A significant 
increase in the TOC value (up to 5 wt%) in the marlstone and shale intervals of the 
Neocardioceras juddii Zone coincides with a reduction in the proportion of the benthic 
foraminiferal assemblages and plateau in δ13C values. However, TOC values remain very 
low <1.0 wt% in the all limestone beds of this interval. Stressed upper water column 
conditions continued through limestone Bed 86. The previous argument also applies to 
limestone Bed 86, which marks the Cenomanian – Turonian boundary and the base of the 
basal Turonian Watinoceras devonense Zone. While biserial morphotypes dominate 
planktic foraminiferal assemblages in Bed 86 (63%), trochospiral morphotypes dominate 
the shaly samples above it (Fig. 7). 
At the base of the overlying short-lived lower Turonian Pseudospidoceras flexuosum 
Zone, which is represented by limestone Bed 90, a second abundance maximum in 
biserial taxa (78%) resembles the “Heterohelix shift” event of the Neocardioceras juddii 
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Zone occurs (Fig. 7), while biserial morphotypes in the adjacent shaly samples ranges 
between 42 to 59% of the planktic assemblages. Again, planktic foraminiferal data in this 
study suggest that the upper water column during the deposition of limestone beds was 
more stressed (reduced salinity and/or elevated primary productivity) than during shale 
marlstone/shale deposition. However, the return of a few specimens of keeled species of 
Dicarinella and Praeglobotruncana is also recorded in this limestone bed. Caron et al. 
(2006) recorded this event in thin-sections and they suggested that this represents a short-
lived weakness of OAE 2 which precedes the termination of the δ13C positive excursion. 
The single-keeled Praeglobotruncana and double-keeled Dicarinella are considered the 
specialist taxa that appear in the seaway when more normal marine conditions prevail 
(Leckie et al., 1998). This may represent a brief breakdown in the OMZ that may have 
impinged into the basin from the south during the latter part of the S. gracile and 
Neocardioceras juddii zones. Frush and Eicher (1975) proposed that the incursion of an 
OMZ into the Greenhorn Sea may have influenced foraminiferal assemblages through 
much of the upper Cenomanian-lower Turonian interval of the deep central axis of the 
seaway. Leckie et al. (1998) suggest that the development or incursion of an OMZ into 
the southern Western Interior Sea may have been amplified by salinity stratification 
caused by the development of a widespread, subsaline cap that originated from the 
southern part of the seaway during the latest Cenomanian. 
The lower Turonian Vascoceras birchbyi Zone is represented by limestone Bed 97, which 
was treated more than once using glacial acetic acid but produced no foraminifera.  Thin-
sections from the same bed showed the presence of few species of Whiteinella 
archeocretacea and Whiteinella brittonensis and near absence of all other morphotypes 
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including the most common biserials morphotypes (Caron et al., 2006). This bed is 
characterized by abundant radiolarians and calcispheres (Caron et al., 2006) and it is 
correlative with the base of the Jetmore Chalk Member (JT-1) of the Greenhorn 
Formation in central Kansas (Hattin, 1971; 1975; 1985). Calcispheres are the cysts of 
calcareous dinoflagellates and may indicate stressed conditions in the water column 
(Hart, 1991). Bottjer et al. (1986) suggest that rhythmic bedding of the Arcola Limestone 
Member of the Mooreville Chalk were the result of productivity cycles as the limestone 
beds contain abundant calcispheres whereas the marly beds do not.   The increased 
calcisphere abundance around the C/T boundary has been reported from other regions, 
including Europe, North Africa, the Middle East, and related to the extinction events in 
the latest Cenomanian (Hart et al., 2005). Marlstone and shale adjacent to limestone Bed 
97, however, are characterized by entire absence of benthic foraminiferal assemblages 
and moderately abundant planktic foraminiferal assemblages dominated by Heterohelix 
(Fig. 7; Leckie et al., 1998).  
The upper lower Turonian Mammites nodosoides Zone is represented by four nearly 
equally spaced limestone beds. Biserial morphotypes dominate foraminiferal assemblages 
in all samples, but with a greater proportion in the limestone beds than that in the 
adjacent marlstone beds. Within the Mammites nodosoides Zone, few specimens of 
triserial and keeled morphotypes occur in the limestone beds and in only one marlstone 
Bed (104).  
In general, most of the shale and marlstone samples are dominated by trochospiral 
planktic morphotypes whereas adjacent limestones tend to be dominated by biserial 
Heterohelx species. In summary, planktic foraminiferal assemblages of the limestones 
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beds of the Bridge Creek Limestone suggest different paleoceanographic conditions than 
that those of the adjacent shales and/or marlstones. The limestone assemblages suggest a 
more stressed environment, such as weaker stratification and higher productivity, which 
supports the productivity model. The marlstone and shale assemblages, on the other hand, 
suggest a more stratified, less productive, and more stable environment, which may 
support the dilution model provided that runoff does not prohibit normal marine 
calcareous plankton from thriving in the seaway. 
1.5.1.2 Benthic foraminiferal assemblages 
The strata of the C/T boundary interval in the WIS, in general, are characterized by low 
abundance, low diversity benthic foraminiferal assemblages (Eicher and Worstell, 1970; 
Eicher and Diner, 1985; Leckie et al., 1998). The Hartland Shale Member of the 
Greenhorn Formation is characterized by the absence of benthic foraminifera with the 
exception of the uppermost 55 cm, which contains a depauperate assemblage of benthics 
(Eicher and Diner, 1985). Eicher and Diner (1985) suggested that the appearance of 
benthics and increase in the calcium carbonate content in the uppermost Hartland signals 
the start of the lithologic and biotic changes that characterize the overlying Bridge Creek 
Limestone Member.  The Bridge Creek is characterized by rhythmic bedding cycles of 
relatively organic-rich, laminated marlstone/shale and organic-poor, generally 
bioturbated limestone (Fig. 8). This indicates that the shaly intervals represent a 
dysoxic/anoxic benthic environment and the limestone intervals represent oxygenated 
benthic environment. Therefore, this fluctuation in oxygen content between lithofacies 
should be reflected in the structure of benthic foraminiferal assemblages, if present.  
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The limestone and marlstone/shale beds of the lower two-thirds of the Sciponoceras 
gracile Zone are characterized by relatively abundant and diverse benthic foraminiferal 
assemblages marking the “Benthonic Zone” of Eicher and Worstell (1970)(Fig. 8). 
However, the proportion of benthics in the limestone beds of the benthonic zone is 
greater than that of the adjacent marlstone/shale beds. This could reflect better conditions 
for planktic proliferation during deposition of marlstone/shale beds, such as higher 
salinity, warmer temperatures, or higher productivity, otherwise it could signal relatively 
stressed benthic conditions due to greater water column stratification and reduced benthic 
ventilation, or perhaps reduced productivity. By contrast, higher productivity and a 
greater flux of organic matter may have fostered larger benthic populations during 
deposition of the limestones, and/or improved circulation and better ventilation at the 
seafloor resulted in the greater proportion of benthics in the limestones. Planktic 
foraminiferal assemblages of this interval indicate that the upper water column may have 
been more stressed during limestone deposition than during marl/shale deposition. 
Shannon-Wiener diversity index for the benthic foraminiferal assemblages in the lower 
part of the Sciponoceras gracile Zone averages 1.5 for the marly intervals (this study; 
Leckie et al., 1998) and 1.4 for limestone beds 63, 67, and 73. Moreover, the proportion 
of the presumably low-oxygen tolerant infaunal Neobulimina in counts of benthic 
foraminifera from the thick basal limestone Bed 63 is greater than that in the adjacent 
marly intervals (Fig. 8). In general, there is an overall relatively strong correlation (r = 
0.4) between the proportion of the infaunal Neobulimina and %CaCO3 content and it is 
more pronounced (r = 0.5) in the lower part of the studied section (Table. 1 A). This 
suggests that benthic conditions during deposition of carbonate-poor intervals in this first 
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couplet may have been better than during deposition of thick carbonate-rich bed. Meyers 
et al. (2001) showed that the degree of bioturbation in the limestone beds is much greater 
than that of adjacent marlstone and shale intervals (Fig. 8). The study of modern benthic 
foraminifera suggests that bioturbation may influence foraminiferal microhabitats at 
depths by introducing oxygen and trapping food below sediment-water interface 
(Jorissen, 1999). As a result, infaunal species such as Neobulimina albertensis may 
flourish in such conditions and increase in abundance.  Nevertheless, both limestones and 
adjacent marly intervals are characterized by low TOC values generally <1.0 wt% (Figs. 
7, 8). Therefore, marly intervals may represent a better balance between oxygen and food 
in controlling the structure of benthic foraminiferal assemblages.  
A similar trend can be also seen in the overlying couplets associated with limestone beds 
67 and 73. The proportion of the infaunal Neobulimina is generally greater in the 
limestone beds compared to their adjacent marly shale beds, although significantly less 
than that of Bed 63. These benthonic zone limestone beds also show a slight increase in 
the proportion the presumably epifaunal productivity indicator Gavelinella dakotensis 
(Fig. 8). This parallels planktic foraminiferal results that are reflected in an increase in the 
proportion of planktic triserial morphotypes and presence of radiolarians, which may 
suggest productive surface waters. Many of the limestone beds of the Bridge Creek 
limestone are characterized by abundant calcispheres and radiolarians as well as enriched 
δ18O and depleted δ13C values, which may suggest enhanced primary productivity during 
deposition of these carbonate-rich beds (Eicher and Diner, 1985; 1989). In the lower 
Sciponoceras gracile Zone, however, correlation between different environmental 
variables including δ18O, δ13C, and %CaCO3 suggests that there is a weak relationship (r 
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= 0.2) between %CaCO3 and δ18O but relatively stronger negative relationship (r = - 0.6) 
between %CaCO3 and δ13C (Table. 1 A). 
In the upper part of the Sciponoceras gracile Zone, a dramatic change in the benthic 
foraminiferal structure coincides with increase in kaolinite and illite (Leckie et al., 1998). 
This event is followed by a brief benthic foraminiferal recovery event at 2.2 m in a shaly 
interval a few centimeters below marlstone bed (LS5) recording the “Heterohelix shift” 
event (Fig. 8). A significant increase in the epifaunal Gavelinella dakotensis 
(“Gavelinella acme”; Leckie et al., 1998) coincides with the base of the Neocardioceras 
juddii Zone and the widespread Heterohelix shift event (Fig. 8). The short-lived increase 
in this species may have been a response to an influx of either terrestrial or marine 
organic matter to the seafloor (e.g., Gooday, 1993; Thomas and Gooday, 1996; Leckie et 
al., 1998; West et al., 1998). However, TOC values in the basal N. juddii Zone are very 
low (<1.0 wt%) and G. dakotensis does not show a significant correlation with TOC or 
δ13C suggesting that their fluctuating relative abundances are not attributed to fertility 
changes in the surface waters (Fig. 8; Table. 1 B). However, a significant positive (0.6) 
and negative (-0.6) correlation is apparent between Gavelinella dakotensis and planktic 
planispiral morphotype Globigerinelloides and %CaCO3, respectively. If the 
interpretation that the limestone beds represent times of breakdown of upper water 
column stratification and increased surface water fertility, then the Gavelinella dakotensis 
acme, which is associated with marly beds, may have been a response to a terrestrial 
organic matter pulse during a time of a well-oxygenated seafloor. The base of the 
Neocardioceras juddii Zone coincides with a gradual change in the climate of the WIS 
from being mainly arid during the time of the Sciponoceras gracile Zone to significantly 
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wet at both margins during the Cenomanian-Turonian transition. Eaton et al. (2001) 
suggest that the Gavelinella dakotensis acme is associated with prodeltaic strata in the 
Kaiparowits Plateau region, proximal to the western paleo-shoreline. 
The “Gavelinella acme” is followed by a significant increase in the proportion of the 
infaunal Neobulimina in the Neocardioceras juddii Zone, especially in the limestone beds 
as supported by a positive correlation (0.6) with %CaCO3. Furthermore, Neobulimina 
dominates the Cenomanian-Turonian boundary interval and the Shannon-Wiener 
diversity index dropped significantly to about 0.5. A significant increase (34%) in the 
proportion of benthic foraminiferal assemblages is associated with limestone Bed 79. The 
assemblage continues low Shannon-Wiener index (0.7) similar to the assemblage from 
the underlying marly shale interval. However, the benthic foraminiferal assemblage of 
limestone Bed 79 is dominated by the Neobulimina (Fig. 8). The presence of 
Coscinophragma ? codyensis in Bed 79, an agglutinated taxon with northern affinities, 
may suggest some influence of northern waters. This could be explained by eastward 
shift in the position of the oceanic front in the context of quasi-estuarine model of 
Slingerland et al. (1996). The geographic and stratigraphic distribution of macrofossil 
biofacies of the Neocardioceras juddii Zone show such shift in the western and central 
parts of the seaway (Elder, 1991).  
A significant increase in the TOC value (up to 5 wt%) in the marly intervals (3. 21 m – 
4.29 m) of the Neocardioceras juddii Zone coincides with a reduction in the proportion 
of the benthic foraminiferal assemblages and enriched δ13C values coinciding with the 
peak of OAE 2 (Fig. 8). However, Shannon-Wiener diversity index for benthic 
assemblages in both lithologies is not significantly changed and remains generally less 
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than 1.0. Benthic assemblages are dominated by Neobulimina as the proportions of G. 
dakotensis and other benthic groups decrease upward section. A short-lived improvement 
in benthic conditions is recorded in marlstone Bed 83 at 3.54 m, which is characterized 
by high TOC (5.1 wt%), slight increase in Shannon-Weiner diversity index (1.1), increase 
in the proportion of benthics (21%), and dominance of other benthic taxa (mainly 
Buliminella fabilis) (Fig. 8). This may represent a pulse of marine organic matter influx 
to the seafloor as a result of upwelling over topographic highs (forebulge) to the west of 
the section which coincides with a gradual invasion of oxygen-poor intermediate waters 
from the south into western side of the basin (Leckie et al., 1998).  
The proportion of benthic foraminiferal assemblages in the marlstone beds is greater than 
that of the limestones in the uppermost Cenomanian and basal Turonian, with the 
exception of limestone Beds 79 and 84. The 63-cm thick calcareous shale Bed 85 marks 
the top of the Cenomanian in the Rock Canyon section; it contains no ammonites and 
records the last occurrence of Anaticinella planoconvexa and reappearance of Dicarinella 
hagni (Kennedy and Cobban, 1991; Caron et al., 2006). Benthic foraminiferal 
assemblages from this marly bed suggest slight improvement that culminated in basal 
Turonian limestone Bed 86. Despite a significant reduction in the proportion of benthic 
foraminiferal assemblages, Shannon-Wiener diversity index in Bed 86 suggests better 
bottom conditions during deposition of this limestone than during the deposition of the 
marly Bed 85. Well-oxygenated seafloor for Bed 86 is also indicated by the degree of 
bioturbation (Fig. 8; Meyers et al., 1986, 2001) and low TOC values (<0.1 wt%). Bed 86 
may reflect rapid advancement of southern waters into the WIS through increase of the 
gyre strength as indicated by planktic assemblages, leading to mixing of watermasses and 
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delivery of oxygen to the seafloor. However, these conditions ceased as the gyre 
weakened allowing water column stratification and deterioration of benthic conditions. 
Low abundance and diversity of benthic assemblages characterizes the marly interval 
above Bed 86 and below Bed 90 (Fig. 8). Shannon-Wiener diversity index for benthic 
foraminiferal assemblages in this interval is generally less than 0.2.  
Lower Turonian benthic foraminiferal assemblages from the base of limestone Bed 90 to 
the top of the studied section at limestone Bed 107 suggest ventilated benthic conditions 
during limestone deposition. However, most of the marlstone beds in this interval are 
devoid of benthic foraminifera or only contain a few specimens of Neobulimina, which 
resembles conditions of the uppermost Hartland Shale (Fig. 8). The proportion of benthic 
foraminiferal assemblages in the limestone beds is usually less than 20% and the 
assemblage is mostly dominated by Neobulimina.  In general, benthic conditions are 
significantly stressed in this post-OAE 2 interval, which may have allowed better 
preservation of organic matter as reflected in relatively elevated values of TOC (Figs. 7, 
8). The seaway reached its maximum width and depth during Mammites nodosoides Zone 
and allowed development of local OMZ and/or impingement of low-oxygenated 
intermediate southern watermass, which is reflected in stressed benthic conditions (low 
oxygen levels). Slight improvement in the bottom conditions (increased oxygen content) 
during deposition of limestone beds was the result of mixing northward moving southern 
watermass and southward moving northern watermass at an oceanic front forming a 
denser third watermass that sank and ventilated the seafloor (Slingerland et al., 1996). 
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1.5.2 Bridge Creek rhythmic beddings and paleoceanography 
In the first attempt to correlate rhythmic bedding cycles of the Cretaceous strata in the 
WIS to astronomic cycles, Gilbert (1895) suggested that the limestone beds of the Bridge 
Creek Limestone Member were deposited during wet periods whereas the marlstone beds 
were deposited during dry periods. However, latter investigations of the nature of these 
cycles and their chemical associations proposed an opposite model suggesting that 
limestone beds were deposited during dry relatively warm climate phases whereas 
marlstone beds were deposited during wet relatively cooler climatic phases (Pratt, 1981; 
1984). Nevertheless, both models propose climatically-driven changes in the amount of 
the detrital input to the basin with a constant carbonate flux to the seafloor, which is 
known as the “dilution model” (Kaufmann, 1975; Pratt, 1984; 1985; Barron et al., 1985; 
Jewel, 1993; Sethi and Leithold, 1994).  Alternatively, Eicher and Diner (1985; 1989) 
proposed that fluctuations in carbonate flux to the seafloor with constant detrital input to 
the basin are responsible for rhythmically alternating beds deposited in the WIS. They 
suggest that during Greenhorn maximum transgression, the WIS was deep enough to 
share characteristics of the open ocean, including climatically-driven fluctuations in 
productivity (calcareous plankton abundance and organic matter production). Formation 
of warm saline bottom water (WSBW) in the low latitude epeiric seas during arid 
episodes allows vertical circulation, which in turn stimulates surface primary productivity 
and increases calcareous skeleton production and limestone deposition in the shallow 
seas such as the WIS (Fig. 10). During wet episodes, however, the ocean becomes 
temporarily stratified, which reduces productivity and allows the deposition of marlstone 
and calcareous shale (Fig. 10). Therefore, both models (dilution and productivity) invoke 
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fluctuations between wet and dry climatic phases to explain the deposition of rhythmic 
bedding in the WIS. The dilution model suggests that these climatic changes occur within 
the basin, whereas the productivity model suggests that they occur in the open ocean.   
The quantitative study of foraminiferal assemblages from limestone and marlstone or 
calcareous shale couplets beds of the Bridge Creek Limestone Member of the Greenhorn 
Formation suggest that the couplets were not deposited in a uniform manner that can be 
explained by only one model or another. Foraminiferal assemblages show only subtle 
systematic structural changes corresponding to the pronounced lithological changes, 
suggesting that rhythmic bedding cycles cannot be explained by only two alternating 
phases of depositional processes. The unique geographic and tectonic orientation of the 
North American foreland basin along with the interaction between two different 
watermasses during a time of rising sea level and a global Oceanic Anoxic Event allowed 
a combination of factors and variables to act upon depositional processes responsible for 
the creation of limestone/marlstone couplets of the Bridge Creek Limestone Member. 
These include depth of the sill at the southern end of the seaway, climatically-driven 
changes in the hydrologic cycle and zones of precipitation and evaporation, and chiefly 
by the oceanographic state of the basin. Here, we propose two oceanographic models 
(productivity and dilution), based mainly on the EST model of Slingerland et al. (1996), 
each of which has two alternating modes: strong gyre and weak gyre (Fig. 11). The 
evaporation minus precipitation (E – P) gradient across the seaway is the motor of the 
gyre in the dominantly productivity-driven model and represented by the lowermost of 
the studied section (Sciponoceras gracile Zone), while intensity of rainfall and river 
discharge into the basin from both margins is the motor for the chiefly dilution-driven 
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model represented by the uppermost Cenomanian-lower Turonian part of the section 
(Neocardioceras juddii Zone to Mammites nodosoides Zone).  
Planktic and benthic foraminiferal assemblages of the lowermost part of the Bridge Creek 
Limestone Member (Sciponoceras gracile Zone) suggest that limestone/marlstone 
couplets are the result of combination of both dilution and productivity processes. In 
other words, these rhythmic bedding cycles were the product of changing of the open 
ocean state from more productive (planktic foraminiferal abundance and surface primary 
productivity) to less productive along with alternating abundances of detrital input from 
the southeastern (Ouachita Mountains), and to a lesser extent from the southwestern 
(Mogollon Highlands) parts of the WIS, respectively (Fig. 12). The great lateral extent of 
limestone beds and/or correlative concretionary beds into the proximal sites in south-
central Utah and northeastern Arizona along the western margin (Fig., 4; Elder, 1991; 
Elder et al., 1994) suggests reduced input of detrital sediments from the western margin 
as a result of sea-level rise and/or prevailing dry climate. Similar climatic conditions may 
have prevailed along the eastern margin of the seaway, which is reflected in the presence 
of normal marine planktic foraminiferal assemblages in equivalent strata in northeastern 
Kansas and western Iowa (Elderbak et al., in review), as well as the persistent of some of 
the limestone beds in correlative strata to the east (Fig. 4; Hattin, 1975).  
The Sciponoceras gracile Zone coincides with the initial positive δ13C excursion of OAE 
2, and in the WIS, a rapid sea-level transgression allowed a warm, normal salinity 
southern watermass to invade the basin bringing with it biological and chemical 
characteristics of the open Tethys ocean. Sea level rise alone cannot explain this rapid 
invasion of a southern watermass into the WIS as reflected in the migration of warm 
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water biota well north into the basin (e.g., Kauffman, 1977 ; McNeil and Caldwell, 1981; 
Eicher and Diner, 1985; Kauffman and Caldwell, 1993; Schröder-Adams et al., 1996; 
Elberdak, 2004). Slingerland et al. (1996) suggested that during the Greenhorn 
transgression, a strong counterclockwise gyre developed as result of significant 
freshwater influx from both margins of the seaway, which worked as a motor to pull in 
northern waters southward and southern waters northward (Fig. 3C). In contrast to the 
Slingerland et al. (1996) model, we suggest that such a counterclockwise gyre developed 
during the time of the Sciponoceras gracile Zone, but the motor developed at a time of 
relatively dry climate along both margins. We suggest that the difference between high 
evaporation rates in the southeastern parts of the seaway and high precipitation rates to 
the north (E – P) was the motor that allowed development of a strong gyre instead of 
freshwater input from both margins as proposed in Slingerland’s model (Fig. 12). In the 
early Turonian, for example, the net evaporation in the southeast side of the WIS is 
estimated to be up to 41 cm/yr using the climate model GENESIS, while the net 
precipitation to be up to 73 cm/yr (Slingerland et al., 1996).  The difference between high 
evaporation rates in the south and high precipitation rates in the north (E – P) created a 
steep gradient slope dipping toward the south, which allowed Boreal and Tethyan 
watermasses to move into the seaway. Both watermasses are deflected to the right 
because of the Coriolis Effect causing the Tethyan watermass to move northward along 
the eastern margin and the Boreal watermass to move southward along the western 
margin of the seaway (Fig. 12). This created a strong counterclockwise gyre that drew in 
Tethyan waters along with abundant planktic foraminifera and calcareous nannoplankton 
into the basin. The onset of the P-E-driven gyre coincides with the uppermost (0.5 m) 
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Hartland Shale Member and deposition of the basal limestone bed (63) of the Bridge 
Creek Limestone Member.  
The mixing of the two watermasses along an oceanic front allowed formation of a third 
denser watermass that sank, ventilated the seafloor, and increased water column mixing 
and carbonate productivity causing a greater flux of carbonate skeletons and limestone 
deposition. A subsequent rainy phase at the southeastern end of the seaway and around 
the margin of the proto-Gulf of Mexico compensated for water volume loss through 
evaporation, which weakens the gyre as well as providing terrigenous material to the 
basin (Fig. 12). The production of pelagic carbonate (foraminiferal and calcareous 
nannoplankton assemblages) in the open ocean may have been reduced as the ocean 
became stratified. Consequently, less calcareous plankton mass is drawn into the basin as 
result of the weaker gyre and reduced production. Increased river discharge at the 
southeastern end of the basin provided a source of detrital sediments to be deposited in 
the basin resulting in marlstone deposition.  
The alternation between these two modes of a strong and weak gyre produced the 
limestone/marlstone couplets of the lowermost part of the Bridge Creek Limestone 
(Sciponoceras gracile Zone). Eicher and Diner (1985; 1989) suggested that the relatively 
high diversity of planktic foraminiferal assemblages in the marlstone beds argue against 
the dilution model, which states that the western margin was the primary source of 
freshwater and detrital input. Eicher and Diner assume that production of planktic 
foraminifera and calcareous nannoplankton occurred within the basin as it became deep 
enough to be a part of the open ocean, which should have been affected by reduced 
surface water salinity as rivers at the western margin discharged into the seaway. Here, 
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however, we suggest that much of the production of calcareous plankton occurred in the 
proto-Gulf of Mexico and was transported into the WIS as the gyre drew the Tethyan 
watermass northward into the seaway. The gyre does not only transport detrital sediments 
into the southern and southeastern parts of the seaway, but it also transported calcareous 
skeletons including, including k-selected species such as Rotalipora cushmani and R. 
greenhorensis. Elder (1991) suggested that sea-level rise at the base of the Sciponoceras 
gracile Zone resulted in ventilation of the seafloor and influx of southern waters and 
faunal elements. Planktic foraminiferal assemblages from both limestones and marlstones 
in the lower part of the Bridge Creek Limestone (Sciponoceras gracile Zone) in the study 
interval suggest that salinity was within the threshold of supporting diverse assemblages 
of calcareous plankton. At the southwestern parts if the basin proximal to the paleo-
shoreline, the limestones and marlstones of this interval contains abundant stenotopic 
bivalves, gastropods, and echinoids, which further suggests normal marine conditions 
(Elder, 1991), and a prevailing dry climate at this stage in western parts of the seaway. In 
general, paleontological and chemical data, including δ13C, suggest that what has been 
recorded in the lower part of the Bridge Creek at the middle part of the basin is mainly 
external to the basin itself.   
At the Sciponoceras gracile and Neocadioceras juddii zonal boundary, a dramatic 
climatic change occurred within the WIS as it became wetter and river discharge into the 
seaway increased significantly, especially along the eastern margin (Fig. 12). The base of 
the Neocardioceras juddii Zone at a site proximal to the eastern shoreline (Sioux City, 
IA) is characterized by 3 m-thick coarsening upward sequence of interbedded fine 
sandstone and shale with possible flaser or wavy bedding, which is barren of foraminifera 
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(Elderbak et al.,in review). Along the western margin, the base of Neocardioceras juddii 
Zone is characterized by a brief environmental improvement as indicated by influx of 
cosmopolitan and subtropical ammonites and deposition of concretionary limestone 
(Elder, 1991). However, this was followed by increased molluscan extinction rates and 
by development of assemblages dominated by detrital-feeding fauna (Elder, 1991). 
Leckie et al., (1998) suggested that a detrital clay spike and negative δ18Ocarb excursion at 
the base of Neocardioceras juddii Zone in the Lohali Point, AZ and the Rock Canyon, 
CO sections, was a result of major influx of freshwater into the seaway. They suggested 
that this influx of riverine waters may have come from a southerly source based on the 
clay mineralogy of these sites, compared with the very different mineralogy of 
southwestern Colorado (Mesa Verde section) and southeastern Utah (Sethi and Leithold, 
1994). Increased terrigenous input from the western margin into the basin is reflected in 
the lithologic change from rhythmic bedding of concretionary limestone and calcareous 
shale in the Sciponoceras gracile Zone to dominantly calcareous, silty shale or claystone 
sequence in the lower Neocardioceras juddii Zone along the southwestern side of the 
seaway (Elder, 1991; Elder et al. 1994; Leithold, 1994).  
Increased surface runoff from both margins significantly influenced environmental 
conditions for foraminiferal assemblages in both limestone and marlstone beds at Rock 
Canyon, reflected in significant structural change from relatively diverse and 
heterogeneous foraminiferal assemblages of the Sciponoceras gracile Zone to high 
dominance, low diversity, and ubiquitous assemblages in the overlying Neocardioceras 
juddii Zone. Increased surface runoff also influenced the WIS oceanography and the 
mode of the counterclockwise gyre. Adding freshwater into the middle of the basin may 
59 
 
have reduced the north-south pressure gradient (E – P) and consequently the strength of 
the gyre. Deposition of rhythmic bedding continued but with an increase of the internal 
basinal influence as reflected in increased thickness of marlstone and calcareous shale 
intervals (Elder and Kirkland, 1985).  We also suggest that there was a gradational 
change in the motor of the gyre from being controlled primarily by the difference 
between high evaporation and high precipitation at southern and northern ends of the 
seaway, respectively, to being driven by surface runoff from both margins as the 
Slingerland et al. (1996) model predicated for the early Turonian WIS.  
Higher surface runoff from both margins would have created offshore-dipping surface 
water slopes toward the basin center that allowed a pathway for fresh waters. The 
Coriolis force, however, deflects these waters to the right causing the surface waters 
move as coastal jets northward and southward along the eastern and western margins of 
the basin, respectively (Slingerland et al., 1996). As during the time of the Sciponoceras 
gracile Zone, surface waters of the Tethyan and Boreal met and mixed to form a denser 
third watermass that sank, split, and returned to the open ocean. Despite higher river 
discharge into the basin, salinity in the basin center remained within the threshold to 
support diverse planktic community which requires constant import of normal salinity 
water (Slingerland et al., 1996). This explains the mechanism by which well-bioturbated 
limestones were deposited. Foraminiferal assemblages of the limestone beds of the lower 
part of the Neocardioceras juddii Zone interval indicates that surface water was 
significantly stressed. The “Heterohelix shift”, a widespread planktic event, coincides 
with the deposition of limestone (LS 5) or Bed 78, which forms the base of the zone.  
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 Reduced surface runoff from one or of the both margins would have weakened the 
strength of the gyre and allowed delivery of detrital materials into the basin center and 
deposition of marlstones or calcareous shales.  The base of the Neocardioceras juddii 
Zone also coincides with significant increase in the proportion of the epifaunal taxon 
Gavelinella dakotensis. This “Gavelinella acme” may represent a pulse of marine organic 
matter influx to the seafloor as a result of upwelling over topographic highs (forebulge) 
and/or terrestrial organic matter influx as a consequence of increased river input to the 
basin (Leckie et al., 1998; Elderbak et al.,in review). While TOC values of the limestone 
beds remain low, the TOC values of the marly intervals increased significantly, up to 5 
wt%, in the Neocardioceras juddii Zone (Figs. 7, 8; Caron et al., 2006).   
The lower Turonian, Watinoceras to Mammites Zones (limestone Bed 86 to the top of the 
studied section, limestone Bed 107), is characterized by continued alternation between 
increased surface runoff from both margins and reduced surface runoff from one or both 
of the margins resulting in the deposition of limestone/marlstone couplets, respectively. 
However, the basin became deeper and wider with continued transgression, which 
reduced the strength of the gyre especially during weaker, drier phases. This may have 
been reflected in apparent difference between the proportions of benthic foraminiferal 
assemblages in limestone and marlstone beds (Figs. 7, 8). Despite their low TOC values, 
the limestone beds are characterized by slightly increased biserial and triserial 
morphotypes which may indicate elevated primary productivity. By the 
Pseudaspidoceras flexuosm Zone, the impingement of and/or development of OMZ 
eliminated or significantly reduced benthic foraminiferal assemblages. This also is 
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reflected in significant upward decrease in oxygen-related ichnocoenosis (ORI) 
especially in the marlstone beds (Fig. 8; Savrda, 1998; Meyers et al., 2001).  
1.6.  Conclusions  
• No strong, consistent and predictable foraminiferal changes can be observed 
between the limestone-marlstone couplets. However, foraminiferal response does 
record cyclical, but subtle, alternations between limestones and adjacent 
marlstones or calcareous shales. In general: 
1. The planktic/benthic (P/B) ratio is reduced in the limestones, which may 
suggest better benthic ventilation and/or increased food supply to benthos. 
2. Biserial (Heterohelix) and triserial (Guembelitria) planktic taxa are more 
abundant in limestone beds relative to adjacent marlstone/shale beds, which 
may suggest an increased seasonality, mixing and productivity. 
3. Planispiral (Globigerinelloides) species are more abundant in the marlstone 
beds indicating increased stratification. 
4. ‘Other calcareous’ and benthic foraminiferal diversity index are greatest in the 
lower Sciponoceras gracile Zone with highest values in marly intervals, 
which may suggest that marly intervals represent a better balance between 
oxygen and food in controlling the structure of benthic foraminiferal 
assemblages. 
5. ‘Other calcareous’ and benthic foraminiferal diversity index are greatest in 
limestones in the post-OAE 2 interval of the lower Turonian. This may 
suggest that the limestone beds are better ventilated whereas the marlstone 
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beds are associated with dysoxia and/or anoxia due to the imengement or 
development of OMZ.   
• The limestone-shale couplets of the “Benthonic Zone” (upper Cenomanian 
Sciponoceras Zone) primarily record productivity cycles reflecting open-ocean 
conditions drawn into the seaway from the Tethys. Based on lithofacies 
distribution and clay mineralogy, the detritus in the marly or shaly intervals was 
mainly sourced from the Mogollon Highlands of Arizona and/or Ouachita 
Mountains of the southern craton. 
• Subsequent dramatic climatic changes in the uppermost Cenomanian 
(Neocardioceras juddii Zone) brought increased rainfall to western and eastern 
margins of the WIS allowing a strong gyre to develop during limestone deposition 
as predicted by Slingerland et al., 1996.  
• During the Neocardioceras juddii Zone, limestone-shale couplets become dilution 
cycles which suggest constant calcareous production as indicated by similar 
stressed planktic foraminiferal assemblages dominated by dwarfed species if 
Heterohelix spp. and Hedbergella planisira in both lithologies.  
• The onset of the widespread “Heterohelix shift” event at the base of the 
Neocardioceras Zone had been previously recognized in a shaly interval but is 
now shown to begin in a limestone bed (Bed 78 = LS5). 
• Infaunal species Neobulimina albertensis dominates most of Neocardioceras 
juddii Zone with the notable exception of an increase in the proportion of 
epifaunal species Gavelinella dakotaensis in the shaly beds at the base of this 
63 
 
zone suggesting slightly elevated primary productivity and/or increased influx of 
terrigenous organic matter.  
• Within the latest Cenomanian Neocardioceras juddii Zone, topographic highs 
“forebulge” enhanced upwelling at times of reduced surface runoff from both 
margins.  
• Throughout the study interval, weakened gyre circulation allows water column 
stratification, high OC preservation potential, and deposition of shales and 
marlstones.   
• Stressed upper water column is indicated by dominance of planktic biserial 
morphotypes in both limestones and shales, but with slight improvement in shales 
and marlstones as indicated by increased proportion of trochospiral morphotypes. 
• Disappearance of benthic foraminifera in the most of the shale samples of the 
lower Turonian indicates unfavorable benthos conditions and suggests 
impingement or development of an OMZ with the approach of peak transgression 
in the early Turonian. 
• Based on detailed study of lithostratigraphic, biostratigraphic and 
chemostratigraphic changes associated with the C/T boundary strata of the studied 
section, the limestone-shale couplets are climatically forced cycles that represent 
gradual takeover of internal (WIS) processes from the initial external (Tethyan-
Boreal) processes.
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Figure 1.1 Map of the Western Interior Sea during Greenhorn maximum transgression in the early 
Turonian connecting the Boreal Sea and the Proto-Gulf of Mexico. The figure also shows the 
location of the Rock Canyon section within the seaway. 
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Figure 1.2 The Cenomanian-Turonian boundary interval of the Rock Canyon anticline section (C/T GSSP) showing ammonite and 
planktic foraminiferal biostratigraphic zonations, limestone-marlstone bed numbers (Cobban and Scott, 1972)), major bentonite beds 
(A-D), carbon and oxygen isotope curves. C-isotope curve of Pratt (1985) was derived from the PU-79-Pueblo core near Pueblo, 
Colorado, while the curves of Caron et al. (2006) and Bowman and Bralower (2005) are from the outcrop section at Rock Canyon. The 
C-isotope curve of Sageman et al. (2006) is from the USGS #1 Portland core, also located in vicinity of the Rock Canyon section, and 
shows the extent of the OAE 2.  A, B and C on the C-isotope curve of Pratt (1985), and I, II, III in Caron et al. (2006) represent 
distinctive widespread correlative features (Pratt and Threlkeld, 1984). 
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Figure 1.3 Four oceanographic models of the Cretaceous WIS:  A) the caballing model (Hay et al., 1993; Fisher et al., 1995); 
B) fresh-water lid model (e.g., Jewel, 1993); C) estuarine model (Slingerland et al., 1996); D) topographic high model (Leckie 
et al., 1998). Red arrows depict warm Tethyan waters originating from the south; blue arrows show cool Boreal waters from 
the north. 
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Figure 1.4 West to east transect from Blue Point, Arizona, to Sioux City, Iowa, showing relative stratigraphic placement of limestone and 
bentonite marker beds (A-D) through the Cenomanian – Turonian boundary interval. It also shows the geographic distribution of the limestone 
marker beds and coeval concretion beds in the different lithofacies regions. Marker bed numbering follows Cobban and Scott, 1972 (C & S), 
Elder, 1985 (E), and Hattin, 1975 (H). Modified after Elder (1991).  
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Figure 1.5 Dilution model (Pratt, 1981, 1984) vs. productivity model (Eicher and Diner, 1985, 1989) to account for the 
cyclical pattern of bedding couplets in the Bridge Creek Limestone Member of the Greenhorn Formation. This pattern of the 
deposition has been closely tied to orbital forcing of climate [e.g., Sageman et al. (1998); Meyers et al. (2001, 2012); 
Sageman et al. (2006)].  
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Figure 1.6 Most important and biostratigraphically significant planktic and benthic 
foraminiferal bioevents previously recorded in the Rock Canyon section. 
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Figure 1.7 Changes in major planktic foraminiferal morphotypes and planktic/benthic ratio (% planktics) through the Cenomanian – 
Turonian boundary interval of the Rock Canyon section (this study and Leckie et al., 1998).  Percent calcium carbonate content, total 
organic carbon and C-isotope curves are from Caron et al. (2006). White circles = limestone samples and black circles = marlstone or 
calcareous shale samples. 
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Figure 1.8 Changes in major benthic foraminiferal morphogrouops through the Cenomanian – Turonian boundary interval of the 
Rock Canyon section and diversity index of benthic foraminiferal assembalges(blue dashed line) along with % planktic foraminifera 
(P/B ratio; this study and Leckie et al., 1998). Degree of bioturbation or oxygen-related ichnocoenosis (ORI) ranks in limestone and 
marlstone beds (Meyers et al., 2001). Total organic carbon and C-isotope curves are from Caron et al. (2006). White circles = 
limestone samples and black circles =marlstone or calcareous shale samples. Benthic foraminiferal assemblages show clear 
distinction between the lowermost part of the section (high diversity) and the uppermost section (absence to low diversity 
assemblages). 
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Figure 1.9 Cluster analysis in Q-mode shows the existence of two foraminiferal assemblages characterize 
the C/T boundary strata of the Rock Canyon section. The first cluster is mostly associated with the 
Benthonic Zone represented by a diverse and relatively abundant benthic assemblage and the second cluster 
is mostly associated with the upper part of the Bridge Creek Limestone, which is represented by assemblage 
of low diversity and abundance.  
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Table 1.1 Correlation coefficient between different planktic and benthic foraminiferal 
morphotypes and/or groups, and environmental variables: Rock Canyon section, Pueblo, 
CO. A) Mostly of the the S. gracile Zone (from marlstone bed HL-15 cm to base of 
limestone bed LS5), which coincides with the” Benthonic Zone” (abundant and diverse 
benthic foraminiferal assemblage) and also abundant and diverse planktic foraminiferal 
assemblages. B) Mostly the N. juddii Zone and W. devonense Zone (from limestone bed 
LS5 to marlstone bed 89; stressed planktic and benthic foraminiferal assemblages), C) P. 
flexuosum Zone to the top of the studied section (from limestone bed 90 to limestone bed 
106; slight improvement in planktic assemblage but very stressed benthic foraminiferal 
assemblage or even total absence. 
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Figure 1.10 Schematic cross-sections from low latitiude regions in the open ocean (western 
Tethys = proto-North Atlantic) to the WIS illustrating the oceanographic connections between the 
two basins. A) During mid-transgression phase no production of bottom water in low altitude 
regions (smaller, shallow epeiric seas) and increase surface runoff allowed stratification of the 
open ocean preventing sustained high productivity. B) During peak transgression, late 
Cenomanian-early Turonian epeiric seas become extensive that produced enough warm saline 
bottom watermass (dry phases) allowing vigorous vertical circulation in the world ocean. C) 
During Peak transgression (wet phases), the proto-North Atlantic is stratified. The switch 
between the dry and wet phases during peak transgression allowed the deposition of limestone 
and marlstone bedding couplets of the Bridge Creek Limestone in the WIS.  This explains the 
productivity model of Eicher and Diner (1985, 1989). Modified From Eicher and Diner (1985). 
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Figure 1.11 A proposed oceanographic model for the Bridge Creek Limestone to explain the deposition of rhythmic bedding cycles (limestone-
marlstone couplets). The counterclockwise gyre for the lower part of the Bridge Creek Limestone (= S. gracile Zone) is represented by two modes 
(strong and weak) to deposit limestone and marlstone, respectively. The gyre at this phase is driven by difference between precipitation in the 
north and evaporation in the south.  For the upper part of the studied section (above the S. gracile Zone), the counterclockwise gyre is also 
represented by two modes (strong and weak), but the gyre is driven by amount of surface runoff in both margins as proposed by Slingerland et al. 
(1996). Similarly, the strong phase of the gyre deposit limestone beds and weaker phase deposit marlstone beds. 
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Figure 1.12 Surface circulation in the WIS during late Cenomanian-early Turonian and the relation 
between the WIS and the proto-Gulf of Mexico (GoM).  The upper two panels represent the time of S. 
gracile Zone. The pressure gradient was strong (upper left panel) due to high (P – E), allowing 
development of a strong counterclockwise gyre to operate within the seaway. The gyre drew southern, 
warm, normal saline Tethyan watermass (red arrows) into the basin along the eastern margin of the 
seaway bringing with it great amount of calcareous plankton and allowing deposition of limestone beds 
in the WIS. The cool, brackish Boreal watermass (blue arrows) was drawn into the basin along the 
western margin. The mixing of the two watermasses along an oceanic front allowed the formation of a 
denser third watermass that sank, ventilated the seafloor, and flowed toward the open ocean. During 
weaker phase of the gyre (right upper panel), due to development of wet climatic conditions at the 
southern end of the WIS (low = P – E), the gyre drove less southern watermass and less calcareous 
plankton into the WIS allowing the deposition marlstone beds. Changing in the production of the 
calcareous plankton in the GoM was greatly responsible for depositing limestone-marlstone couplets at 
this stage (productivity cycles). The lower two panels represent time above the S. gracile Zone when 
the gyre was strong (lower left panel) due to high surface runoff from both margins of the seaway. The 
gyre drew southern, warm, normal saline watermass (red arrows) along the eastern margin and 
northern, cool, brackish watermass (blue arrows) along the western margin. The strength of the gyre 
diverted sediment input away from the basin center allowing deposition of limestone beds. During less 
wet phase, the gyre was weaker and terrigenous sediments were transported into the basin allowing 
deposition of marlstone beds.  Here, the limestone-marlstone couplets are dilution cycles. 
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CHAPTER 2 
PALEOENVIRONMENTAL AND PALEOCEANOGRAPHIC CHANGES 
ACROSS THE CENOMANIAN-TURONIAN BOUNDARY EVENT (OCEANIC 
ANOXIC EVENT 2) AS INDICATED BY FORAMINIFERAL ASSEMBLAGES 
FROM THE EASTERN MARGIN OF THE CRETACEOUS WESTERN 
INTERIOR SEA 
2.1. Abstract 
In this study, two sites near the eastern margin of Cretaceous Western Interior Sea (WIS) 
were investigated. The section at Cuba, KS (CK) is ~630 km east of the GSSP for the 
Cenomanian/Turonian boundary at Rock Canyon, CO, and the section near Sioux City, 
IA (SCI) is ~315 km northeast the Cuba site. Surprisingly, planktic foraminifera 
dominate all the studied samples despite the relative proximity of the sites to the paleo-
shoreline and presumed neritic water depths. This observation suggests inhospitable 
benthic environments. Moreover, benthic foraminiferal assemblages support the fact that 
seafloor oxygen in the WIS decreased eastward, which argues against the hypothesis of 
freshwater influx into WIS from the western margin and formation fresh water cap that 
diminishes eastward. Benthic foraminifera are scarce in most studied samples and species 
diversity is low. In the CK section, diversity and abundance increase abruptly in the 
uppermost Cenomanian “Benthonic Zone” at the initiation of the δ13Corg positive 
excursion marking the onset of Oceanic Anoxic Event (OAE2). In the SCI section, 
however, the benthonic zone is recognized only by presence of Nodosaria bighornensis 
that has a stratigraphic range restricted to the benthonic zone; other benthic taxa are very 
rare or absent. The favorable conditions of the benthonic zone were short-lived. While 
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relatively diverse planktic foraminiferal assemblages, including keeled species, 
characterize the initial δ13C excursion at the CK site, dwarfed specimens of Heterohelix 
and Hedbergella dominate the assemblages at the more proximal Sioux City site. 
Furthermore, most of the biostratigraphic events recognized in the basin center (Rock 
Canyon) can be traced into the CK section but not into the SCI section, including the 
Rotalipora spp. and Globigerinelloides bentonensis extinctions, Heterohelix shift event, 
and the brief benthic recovery event. Correlation between eastern seaway sites shows that 
the SCI section is thicker suggesting a major sediment source to the east. This may 
explain the inhospitable benthic conditions and development of a ‘dead zone’ (seasonal 
hypoxia) analogous to the modern shelf of the northern Gulf of Mexico proximal to 
active discharge of the Mississippi River. Development of estuarine circulation in the 
WIS provided the eastern part of the basin with input of calcareous plankton from the 
south including planktic foraminifera. Foraminiferal assemblages, total organic carbon 
(TOC), and δ13C data of the studied sections suggest a two-fold history of Greenhorn 
transgression and OAE2 development. The initial phase is a global signal characterized 
by a positive δ13C excursion, low TOC values, and high foraminiferal species diversity. 
The second phase is characterized by overprinting by local conditions in the seaway, 
including high fluvial input, relatively high TOC values, and low foraminiferal species 
diversity. These finding suggest that the eastern margin records unique depositional and 
biotic environments further revealing the dynamic and complex nature of the WIS and its 
sedimentary cycles.  
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2.2. Introduction 
Cretaceous rocks deposited in the Western Interior Sea (WIS) form a wedge of strata that 
greatly diminishes in thickness eastward from the foreland basin created by the Sevier 
Orogeny (Price, 1973; Jordan, 1981, Kauffman, 1988). During the late Cenomanian and 
early Turonian, the Greenhorn transgression flooded the North America foreland basin to 
form a relatively shallow seaway. This allowed the deposition of rhythmically bedded 
sequences, including organic-rich strata of the Greenhorn Formation and its equivalents. 
Planktic and benthic foraminiferal assemblages have been effectively utilized to interpret 
Cenomanian – Turonian paleoenvironments and paleoceanography of most parts of the 
WIS (e.g., Eicher, 1967, 1969; Eicher and Worstell, 1970; Frush and Eicher, 1975; 
McNeil and Caldwell, 1981; Leckie, 1985; Eicher and Diner, 1985; 1989; Fisher et al., 
1994; Leckie et al., 1998; West at al., 1998; Fisher and Arthur, 2002; Fisher, 2003;). 
However, there are few such studies from the eastern part of the seaway.  
This study addresses the response of foraminiferal assemblages to ecological 
perturbations around the time of the Cenomanian/Turonian boundary (C/T) on the eastern 
side of the WIS and establishes a high resolution biostratigraphic correlation with the 
Cenomanian – Turonian Global Stratotype Section and Point (GSSP) at the Rock Canyon 
section near Pueblo, Colorado. Furthermore, data of this study provide a greater 
understanding of the paleoenvironments and paleoceanographic conditions that prevailed 
in the WIS that were mainly constructed based on data from central and western parts of 
the seaway.   
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2.2.1. Geological setting 
The eastern side of the seaway is located on a large, low, and flat extension of the stable 
craton (Reeside, 1957) and for most of the Late Cretaceous was not thought to be  an 
important source of sediments to the basin (Weimer, 1970). Consequently, the uppermost 
Cenomanian-lower Turonian Greenhorn Limestone on the eastern side of the seaway 
represents accumulation of carbonate-rich sediments (Hattin, 1975). This stable craton is 
one-third of the width of the seaway and is characterized by low episodic subsidence 
rates accompanied by slow accumulation of pelagic carbonates, and fine-grained 
terrigenous clastics in a neritic marine environment of low energy (Kauffman, 1985, 
1988). The sediment accumulations of coarser terrigenous clastics are restricted to 
nearshore facies of the WIS (Kauffman, 1985).  
During the early Cenomanian, fluvial and deltaic sedimentation characterized central 
Kansas (Hattin, 1967) for which the principal transport direction was toward the 
southwest (Franks et al., 1959). Further northeast, large fluvial meander-belt systems 
drained the North American craton west of the Appalachians across Iowa and emptied 
into the WIS (Ludvigson and Bunker 1979; Whitley and Brenner, 1981; Brenner et al. 
1981; Witzke and Ludvigson, 1982, 87, 1994, 1996; Munter et al. 1983; Witzke et al. 
1983; Ludvigson et al. 1994; Ravn and Witzke 1994, 1995). Following the late 
Cenomanian Greenhorn sea-level transgression, the shoreline pushed further eastward 
diminishing the influence of the cratonic source area allowing the deposition of fine 
sediments including marine biogenic carbonates (Fig. 2; Hattin, 1975; Brenner et al. 
1981; Witzke and Ludvigson, 1982).  
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In the central WIS, the continuity and parallelism of a number of limestone and bentonite 
beds of the Greenhorn Formation, together with molluscan biostratigraphy, have provided 
a practical tool for cross-basin correlation (e.g., Hattin, 1971, 1975; Elder, 1991; 
Desmares et al., 2007).  However, the number of the limestone beds decrease 
northeastward across Kansas and become thinner, softer and less resistant (Fig. 3; Hattin, 
1971). Therefore, stratigraphic correlation between central and the eastern margin 
sections is intricate and requires integration of different proxies.  
2.2.2. The C/T boundary Global Stratotype Section and Point (GSSP) 
The section at the Rock Canyon Anticline in Central Colorado is the C/T boundary 
Global Stratotype Section and Point (GSSP) and global reference for OAE 2 studies (Fig. 
4; Kennedy et al., 2005; Sageman et al., 2006).  OAE 2 at the Rock Canyon section spans 
the uppermost part of the Hartland Shale and most of the lower and middle Bridge Creek 
Limestone members of the Greenhorn Formation (Pratt and Threlkeld, 1984). This marks 
most of the latest transgressive systems tract, and the early highstand systems tract of the 
Greenhorn third-order cycle (Kauffman, 1984, 1985; Kauffman and Caldwell, 1993; 
Sageman et al., 1998; West et al, 1998).  
The upper subunit of Hartland Shale is composed of fine and evenly laminated black 
calcareous shale with sparse zones of microburrowed, marly shale (Pratt, 1984; Sageman, 
1989). The overlying Bridge Creek limestone is composed of alternating limestone and 
calcareous shale beds that have been related to Milankovitch cycles (e.g., Gilbert 1895; 
Kauffman, 1995; Gale, 1995; Sageman et al., 1997, 1998, and 2006; Meyers et al., 2001; 
Meyers and Sageman, 2004). Four regionally persistent bentonite beds, labeled A-D, are 
interbedded in the C/T boundary interval (Figs. 3, 4; Hattin 1971; 1985; Elder, 1985, 
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1988; Desmares et al., 2007) and have provided an important radiometric age dating 
(Obradovich and Cobban, 1975; Obradovich, 1993). A minor global stepwise extinction 
event among macrofauna characterizes the OAE 2 forming regional and global bioevent 
surfaces for correlations (Kauffman, 1984a, 1988; Elder, 1985, 1991; Elder and Kirkland, 
1985; Sageman et al., 1997).  
Foraminiferal assemblages of the Bridge Creek Member, spanning the C/T boundary 
interval at the Rock Canyon section, have been studied extensively (Eicher and Worstell, 
1970; Leckie 1985; Eicher and Diner, 1985; Leckie et al., 1998; Desmares et al., 2003; 
Caron et al., 2006; Elderbak and Leckie in prep.). Subsequently, a sequence of 
foraminiferal events has added biostratigraphic significance to the section (Fig. 4). 
Furthermore, foraminiferal assemblages of the C/T boundary rocks contributed 
significantly in our understanding of the paleoclimates, paleoenvironments, and 
paleoceanography of the WIS during the Greenhorn transgression.   
2.3. Materials and Methods 
A total of 153 samples from two sections (CK and SCI) were analyzed for their 
foraminiferal content.  The 9 m-thick CK outcrop in northeast Kansas is represented by 
79 samples, previously washed and provided by Professor Timothy J. Bralower, Penn 
State University.  Sampling procedure and geographical location for this site can be 
found in Bowman and Bralower, (2005). Detailed lithological descriptions are available 
in Hattin, (1975; section No. 6). Weight percent total organic carbon (wt %TOC), percent 
calcium carbonate (%CaCO3), and carbon isotope values for both carbonate and organic 
carbon (δ13Ccarb and δ13Corg) are provided by Bowman and Bralower, (2005). Nannofossil 
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data of the upper Cenomanian to lower Turonian strata of the CK section can be found in 
Watkins, (1989) and Eleson and Bralower, (2005).   
The SCI section is located in western Iowa and is exposed on the east side of Highway 
12, near the junction with Plymouth County Highway K-18 (Fig. 1). Brenner et al. (1981) 
provide a detailed description of the lithological and sedimentary features and structures 
of the 18 m-thick section. The section spans the upper Cenomanian Graneros and 
lowermost Turonian Greenhorn formations which are equivalent to the upper Hartland 
Shale and lower Jetmore Member of the Greenhorn Formation in central and eastern 
Kansas (Fig. 2; Hattin; 1975; Brenner et al., 2000). Samples were taken every 0.5 m 
through the lowermost 6 meters and uppermost 6 meters of the section and every 10 cm 
in the middle part of the section. A total of 74 samples were washed and sieved following 
the procedure described by Leckie et al. (1991), and then examined for foraminiferal 
content.  
At least 300 foraminiferal specimens were picked from each sample and a second or third 
pick sometimes was made on samples containing few foraminiferal specimens for 
population analysis. Miscellaneous components including quartz, fish bone/teeth, pyrite, 
inoceramus prisms and shell fragments were also counted.  Diversity of both planktic and 
benthic foraminifera was calculated by applying the Shannon-Wiener information 
function:  
𝐻(𝑆) =  −�𝑃𝑖𝑆
𝑖=1
∗ 𝑙𝑛𝑃𝑖 
H(S) is the diversity; S the number of species observed and Pi the proportion of the ith 
species. Foraminiferal test preservation at both sites was moderate to poor and in many 
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cases identification could only be made to the generic level. Taxonomic concepts 
followed Eicher and Worstell (1970), and Leckie (1985).  
2.4. Results 
2.4.1. Planktic Foraminifera  
2.4.1.1 Cuba, KS section (CK) 
In general, planktic foraminifera are abundant throughout the studied section and 
dominate the foraminiferal assemblages (Fig. 5). The genus Heterohelix dominates the 
lowermost 1.5 m along with several species of Hedbergella and Whiteinella. The top of 
this 1.5 m-thick interval is characterized by the first sporadic occurrence of keeled 
species including Rotalipora cushmani and its descendant Anaticinella planoconvexa. 
Throughout this interval, the Shannon-Wiener index ranges from 0.5 to 1.4. Just below 
the onset of the carbon isotope positive excursion, foraminiferal assemblages are 
characterized by a brief disappearance of keeled species, an abrupt increase in the 
proportion of trochorspiral morphotypes and first appearance of benthics (Fig. 5). Keeled 
species including Praeglobotruncana gibba, Rotalipora cushmani, R. greenhornensis and 
Anaticienella multiloculata as well as planispiral morphotypes Globigerinelloides 
bentonensis and G. caseyi appear at the top of this short-lived event. This also records a 
gradual Shannon-Wiener index increase of planktic foraminifera, which ranges from 1.1 
to 1.5.  
Biserial morphotypes (Heterohelix) abruptly took over the niche from the trochospiral 
morphotypes (mainly, Hedbergella) at the onset of the positive carbon isotope excursion 
marking OAE 2. This ended abruptly and diverse assemblages of trochospiral 
morphotypes (Hedbergella and Whiteinella) dominate the population counts. Planktic 
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foraminiferal Shannon-Wiener index is the highest of all the studied section samples and 
reaches up to 1.7 in bed HL-1 (230 cm). Furthermore, the last occurrence of the 
planispiral Globigerinelloides bentonensis as well as rotaliporids (R. cushmani and R. 
greenhornensis) (220 and 230 cm, respectively) occurs in this interval (Fig. 5). 
Simultaneously, a few double- and single-keeled species (Dicarinella and 
Praeglobotruncana, respectively) appear, and above that Anaticinella multiloculata and 
A. planoconvexa go extinct. This latter species turnover coincides with the interval (270 – 
321.5 cm) of near constant δ13C values known as “isotopic plateau” of Tsikos et al. 
(2004).  
Subsequently, Heterohelix taxa again increase to dominate planktic foraminiferal 
assemblages marking the widespread event known as the “Heterohelix shift” of Leckie et 
al. (1998) (Fig. 5). This event also coincides with planktic species dwarfism. An 
assemblage of abundant biserial Heterohelix and less abundant Hedbergella planispira 
along with sporadic occurrences of few species of Hedbergella and Whiteinella 
characterizes studied samples to the top of the studied section. There is a gradual increase 
in species simple diversity from 335.5 to 767 cm, despite the fluctuating Shannon-Wiener 
index.  
The lower Turonian marker species Helvetoglobotruncana helvetica was not recovered, 
although a few specimens of H. praehelvetica were found in two samples. The First 
Occurrence (FO) of Clavihedbergella subdigitata was also recorded at 767 cm as well as 
a significant increase the shell size of planktic foraminifera (Fig. 5). In the U. S. Great 
Plains, the FO of C. subdigitata is reported from the upper part of the Bridge Creek 
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Limestone Member and in the equivalent strata of the Jetmore Member of the Greenhorn 
Formation (Eicher and Worstell, 1970).  
2.4.1.2 Sioux City, IA (SCI) 
Surprisingly, planktic foraminifera dominate all the studied samples of this more 
proximal site, although the assemblages are completely dominated by biserial 
Heterohelix taxa.  Unlike the CK section, keeled species are absent and trochospiral 
species never dominate the assemblages. Beneath a 3 m-thick bed of interbedded fine 
sandstone and shale with flaser or wavy bedding that is barren of foraminifera; two shale 
samples contain abundant but low diversity planktic foraminiferal assemblages. 
Immediately above this barren sandy interval, abundant planktic foraminifera dominate 
the assemblage (96% of total population) and Heterrohelix represents about 90% of 
planktic individuals. An abrupt decrease in the proportion of the planktic foraminifera (up 
to 61%) and an increase the proportion of trochospiral morphotypes (mainly, 
Hedbergella) occurs in two samples above a concretionary chalky limestone at 5.20 m 
(Fig. 6). Heterohelix spp. continue to dominate planktic foraminiferal assemblages up to 
an interval (12.8 – 14.1 m) of interbedded calcareous shale and chalk that lies beneath 
cyclic massive limestone with thin laminated calcareous shale beds (Fig. 6). Some of this 
interval (9.0 – 14.1 m) samples are barren or contain very few planktics. An abrupt 
increase in the proportion of trochospiral morphotype species coincides with a thick 
massive limestone bed at the top the studied section (Fig. 6). This also coincides with a 
short-lived decrease in the proportion of planktics in the total foraminiferal population 
count and an increase in the shell size of the planktics. As in the CK section, the lower 
87 
 
Turonian marker species H. helvetica is missing at SCI but a trace of H. praehelvetica 
and few C. subdigitata were recovered from the uppermost samples.  
2.4.2. Benthic Foraminifera  
2.4.2.1. Cuba, KS section (CK) 
Despite proximity of the studied sections to the paleo-shoreline and presumed neritic 
water depths (<200m), benthic foraminifera are rare to absent in most samples (Fig. 7). 
Moreover, the entire benthic assemblages are calcareous except in only one sample (230 
cm) at CK section three specimens of the agglutinated species Textularia rioensis have 
been recovered after full examination of the sediment residue. In general, preservation of 
the benthics is better than that of the planktics allowing identification to the species level.   
The lowermost portion of the study section is devoid of benthic foraminifera and 
planktics make up 100% of the foraminiferal assemblages (Fig. 7). Subsequently, a few 
specimens of Neobulimina albertensis were recovered from the samples preceding the 
initial carbon positive excursion. This is followed by a rapid increase of benthic 
foraminiferal species diversity and abundance making up to 23% of the foraminiferal 
assemblages. This 60-cm interval (190 -250 cm) is associated with trochospiral planktic 
morphotypes dominating over biserial morphotypes, appearance of keeled planktic 
species, and lowest TOC content values of the 8-m study interval. Benthic foraminiferal 
assemblages correspond to the “Benthonic Zone” of Eicher and Worstell, (1970). Most of 
the benthonic zone species have southern affinities and include Lenticulina gaultina, 
Buliminella fabilis, Gavelinella dakotensis, Gavelinella plummerae, Lingulogavelinella 
modesta, Neobulimina albertensis, Pleurostomella nitida, Lingulogavelinella 
asterigerinoides, Orithostella viriola, Citharina kochii, Bullopora laevis, Fursenkoina 
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croneisi, and Nodosaria bighornensis.  Surprisingly, Valvulineria loetterlei, a common 
species in the “benthonic zone” assemblage of the Great Plains, is very rare at this site.  
A marked decline in benthic foraminiferal proportion (< 2%) marks the top of the 
“benthonic zone” at 270 cm. Nevertheless, a brief return of diverse and abundant benthic 
foraminiferal species (15.9%) at 293 cm precedes the planktic “Heterohelix shift event”.  
This benthic event is comparable to the “brief benthic recovery” of Leckie et al. (1998) 
recognized at the Rock Canyon, CO section. Subsequently, the infaunal benthic 
foraminiferal species Neobulimina albertensis dominates most of the samples along with 
sporadic occurrences of the epifaunal species Gavelinella dakotensis. However, G. 
dakotensis and G. plummerae show a slight increase in relative abundance toward the top 
of the study section (Fig. 7).   
2.4.2.2. Sioux City, IA (SCI) 
In comparison to the more distal CK section, benthic foraminiferal proportion to total 
foraminiferal population counts of this proximal site is much less. Benthics are 
represented by very low diversity assemblage dominated throughout by shallow infaunal 
Neobulimina. Surprisingly, no agglutinated species have been recovered from this site. 
The lowermost two samples contain very few and very low diversity calcareous benthics. 
Foraminifera disappear completely in a 3-m interval of interbedded very fine sandstone 
and shale (Fig. 6). Above this sandy interval, benthic proportion increases rapidly in two 
consecutive samples (5.75 and 6 m) with 39% and 24%, respectively. Benthic 
foraminiferal species N. albertensis continues to dominate all samples through the section 
along with sporadic occurrence of G. dakotensis, especially at the base of the carbonate-
rich interval at 14.1 m. In general, most of the calcareous benthic species recovered from 
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this site may have southern affinities.   A single specimen of Valvulineria loetterlei 
occurs at 7.0 m at the base of the middle one-third of the studied section (7.0 m). This 
species has a common occurrence in the benthonic zone, but patchy presence above the 
benthonic zone at different locations across the Great Plains (Eicher and Worstell, 1970).  
2.5. Discussion  
2.5.1. Biostratigraphy and cross basin correlation  
According to Bowman and Bralower, (2005) a single limestone bed was visually 
recognized at the CK section that spans the Hartland and Jetmore members of the 
Greenhorn Formation. Hattin, (1975, plate 1), however, illustrated the CK stratigraphic 
section showing limestone beds HL-1, HL-2, and the limestone bed associated with 
bentonite Bed HL-3 as well as 6-thin limestone beds of the Jetmore Member (Fig. 5)  At 
the SCI section, two concretionary chalky limestone beds and four massive limestones 
can be recognized. Despite known large number of bentonite seams that characterize the 
Greenhorn Formation strata, the number of these bentonites present varies from one rock 
exposure to another (Fig. 3; Hattin, 1975).  In addition, many of these bentonites have 
diminutive thickness toward the east (Elder, 1988) and are difficult to detect.  In our 
studied sections, for example, three bentonite seams have been visually detected at the 
CK section (Figs. 5, 7; Bowman and Bralower, 2005) and none at the SCI section (Fig. 
6).  
Isotope profiles of organic and inorganic carbon have proven to be of great value in 
regional and global correlation for the C/T interval but with some limitations (Pratt, 1985; 
Pratt et al, 1993; Tsikos et al., 2004; Sageman et al., 2006; Jarvis et al., 2006; Gale et al., 
2008). While the OAE2 initial carbon positive excursion is well-pronounced globally, the 
90 
 
so called “plateau” and termination point of the excursion are masked by local signatures 
(Tsikos et al., 2004). Integration of carbon-isotope stratigraphy and biostratigraphy 
provide high-resolution correlation among sections globally (e.g., Jarvis et al., 2006; 
Sageman et al., 2006; Gale et al., 2008). 
Biological events including punctuated evolutionary events, population bursts, 
productivity events, ecostratigraphic events, immigration-emigration bioevents, mass 
mortality events, and mass extinction bioevents are very important in high-resolution 
cross-basin stratigraphy (Kauffman, 1988).  Integration of the carbon-isotope record, 
lithological marker beds, and foraminiferal assemblage bioevents allow high resolution 
correlation between the study intervals and the GSSP stratotype section at Rock Canyon 
(RC), CO (Fig. 8). Response of planktic and benthic foraminiferal assemblages to the 
ecological perturbations associated with OAE2 at the CK and the RC sections show 
striking similarities. At the proximal SCI section, however, many of these paleontological 
events are lacking. Several stratigraphically constrained foraminiferal bioevents 
characterize C/T strata of the GSSP section at RC proven to be for a great significance for 
regional and global correlation (Fig. 8; Leckie, 1985; Leckie et al., 1998; West et al., 
1998; Caron et al.; 2006). Pre-carbon OAE 2 positive isotope excursion C/T strata of the 
GSSP section contain diverse planktic foraminiferal assemblage including keeled taxa 
such as Rotalipora, Praeglobotruncana, and Dicarinella but lack benthic foraminifera 
(Fig. 4; Eicher and Worstell, 1970; Leckie, 1985; Leckie et al., 1998; Caron et al., 2006; 
Elderbak and Leckie in prep.). This interval correlates to upper Cenomanian 
Metoicoceras mosbyense Zone and can be traced into the CK section. However, no 
keeled species have been recovered from the proximal SCI section.  
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At the CK section, the appearance of a few specimens of the low-oxygen tolerant 
infaunal benthic species N. albertensis precedes the initial carbon-isotope excursion. A 
rapid increase in benthic foraminiferal assemblage diversity and abundance marks the 
base of the overlying molluscan Sciponoceras gracile Zone and foraminiferal “Benthonic 
Zone” (Figs, 7, 8). At the SCI section, the occurrence of a few benthic foraminiferal 
species including Nodosaria bighornensis and planktic species Schackoina cenomana 
suggests that the lowermost portion of the section at this site belongs to the upper 
Cenomanian Sciponoceras gracile Zone (Fig. 8). Across the Great Plains region, 
Nodosaria bighornensis has a short occurrence range restricted to the benthonic zone 
(Eicher and Worstell, 1970). Eicher and Worstell (1970) report S. cenomana from the 
lower planktic zone (upper Cenomanian), the benthonic zone, and in the lower portion of 
the upper planktic zone (lowermost Turonian) although it is most common in the 
benthonic zone.  
At the reference section in Rock Canyon, CO, several foraminiferal bioevents occur 
within the S. gracile zone that spans from Bed 63 up to the base of Bed 78 (Fig. 8).  One 
such foraminiferal bioevent is the “Benthonic Zone” represented by a diverse and 
relatively abundant benthic foraminiferal assemblage. The benthonic zone has been 
described from equivalent strata in western and central Kansas, southwestern South 
Dakota, northern and southern Colorado, northeastern Arizona, and south-central Utah 
(Eicher and Worstell, 1970; Eicher and Diner, 1985; Leckie, 1985; Leckie et al., 1991, 
1998; Tibert et al., 2003).  While northern and western regions are characterized by 
mixed agglutinated and calcareous benthic species (Eicher and Diner, 1985; Leckie et al., 
1991, 1998; West et al., 1998; Tibert et al., 2003), calcareous benthic species dominate 
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the assemblages of southern and eastern regions (Lowery et al., in review; this study).  
The lower boundary of the benthonic zone is somewhat gradational at northern and 
western parts of the basin and is abrupt at its southern and eastern parts (Eicher and 
Worstell, 1970; Leckie et al., 1998; Lowery et al., this volume; this study).  The 
benthonic zone is believed to represent a synchronous event throughout the basin (Eicher 
and Worstell, 1970; Frush and Eicher, 1975; Eicher and Diner, 1985; Leckie et al., 1998). 
In the SCI section, only a remnant of what appears to be the top of the “Benthonic zone” 
or the “brief benthic recovery” event of Leckie et al. (1998) is recognized. It is 
represented by few and low diverse benthic assemblage in the basal samples just below 
the sandy interval (Fig. 6).  
In addition, a major planktic foraminiferal turnover event within the Sciponoceras gracile 
Zone, including disappearance of R. cushmani, R. greenhornensis, A. multiloculata, and 
G. bentonensis, is also recognizable in CK section. However, none of these turnover 
elements can be traced over into the proximal SCI section (Fig. 8). In the RC section, LO 
of R. cushmani precedes the LO of R. greenhorensis (Caron et al., 2006), but both species 
disappear at the same level in the CK section. This may be due to the condensed nature of 
the CK section or due to the spotty occurrences of these taxa near the end of their ranges 
(so-called ‘Signor-Lipps effect’; Signor and Lipps, 1982).  Shortly, this is followed by the 
LO of the planispiral morphotype G. bentonensis, just few centimeters below Bentonite 
A, which represents a synchronous event at both sections. At SCI section, no specimens 
of G. bentonensis have been observed in the studied samples.  
The subsequent “Heterohelix shift event” of Leckie et al., (1998) is also well-pronounced 
at the CK section and roughly coincides with increased TOC values (Fig. 5). In the basin 
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center, this dramatic change in planktic foraminiferal assemblages is associated with the 
base of the uppermost Cenomanian N. juddii Zone (Leckie et al., 1998). At the SCI 
section, heterohelicids dominate throughout the studied section and hence the event is 
masked (Fig. 6). A spike of the clay mineral kaolinite at the central and western margin 
of the basin, generally coincides with the “Heterohelix shift event”, and is believed to be 
a result of increased surface runoff into the basin (Leckie et al., 1998). The spike is more 
pronounced at the RC section (basin center) than it is at the proximal western Lohali 
Point (LP), AZ section, which suggests a different sediment source than the western 
margin. Therefore, we suggest that the 3 m-thick sandy interval near the base of the the 
SCI section is correlative to the kaolinite spike in the central and western side of the 
seaway and represents a major influx of terrigenous sediments, including kaolinite clays, 
into the basin from the eastern margin.   
Within the N. juddii Zone, the thick and widespread bentonite Marker Bed B and the 
underlying chalky limestone bed known as HL-3 in central and eastern Kansas (Hattin, 
1975) and known as Bed 79 in Colorado and western Kansas (Fig. 3; Cobban and Scott, 
1972) are recognizable at the CK section. At the SCI section, limestone Bed 79 becomes 
a chalky concretionary bed but the overlying Bentonite B/HL3 is missing (Figs, 3, 6). 
Bentonite B or the top of the underlying limestone is utilized as the datum for cross 
correlation between our studied sections in the eastern seaway and the RC section in the 
central seaway (Fig. 8).  
By latest Cenomanian time, a roughly synchronous increase in the proportion of 
Gavelinella dakotensis (“Gavelinella acme event”) has been reported from three localities 
at the central and western margin of the seaway (Leckie et al., 1998). This short-lived 
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event can also be traced into the CK section despite very low benthic assemblage 
abundance. It is represented by a brief dominance of the G. dakotensis over N. 
albertensis. At the SCI section, Gavelinella dakotensis appear sporadically in the 
lowermost and uppermost portions of the studied section and hence a distinct acme event 
is missing. It seems that the “Gavelinella acme event” is less pronounced and/or 
diminishes eastward.  
At the RC section, the base of Turonian is placed at the bottom of limestone Bed 86 
which corresponds to the base of the ammonite Watinoceras devonense Zone (Kennedy 
and Cobban, 1991; Kennedy et al., 2005).  According to Caron et al. (2006), the most 
practical marker for the C/T boundary at RC is LO of Anaticinella planoconvexa at the 
top of bed 85 “precision interval” a few centimeters below bed 86. Previously, the LO of 
Anaticinella multiloculata s. l. (= A. planoconvexa) and Anaticinella multiloculata s.s. 
was recorded within the benthonic zone (Eicher and Worstell, 1970; Leckie, 1985; Leckie 
et al; 1998). A higher range for A. planoconvexa, up to bed 85 (just few centimeters 
below C/T) has been proposed (Desmares, 2003, 2007; Caron et al., 2006). However, a 
thorough investigation of Bed 85 from six samples shows no sign of A. planoconvexa 
(Elderbak and Leckie, in prep.). 
Previously, the base of Turonian at the CK section was placed at 300 cm based on the FO 
of the calcareous nannofossil species Quadrum gartneri (Eleson and Bralower, 2005) and 
the carbon isotope stratigraphy (Bowman and Bralower, 2005). We place the base of 
Turonian stratigraphically higher in the CK section. The base of Turonian should be 
above the marker limestone HL-3 (= Bed 79) that can be easily recognized at the CK 
section (see plate 1 in Hattin, 1975; Bowman and Bralower; 2005). This limestone bed is 
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associated with a prominent overlying bentonite seam (B) that can be traced across the 
southern WIS to eastern Kansas (Hattin, 1975; Elder, 1988).  Bentonite B lies at 350 cm 
in the CK section suggesting that the base of the Turonian must be placed higher in the 
section. Therefore, we placed the base of Turonian at 447 cm based on the following 
correlative criteria to the RC, CO section; 1) a significant reduction in the proportion of 
the benthic foraminiferal assemblages and low species diversity in Bed 85; 2) a 
significant increase in the proportion of Heterohelix associated with the termination of 
the δ13C positive excursion; and 3) according to the stratigraphic section of Hattin (1975), 
the base of the Turonian must be placed between maker beds HL-3 and JT-1 (350 and 
600 cm, respectively).  
The base of Turonian is placed at 7.6 m at SCI based on the following facts; 1) it must be 
placed between the lower concretionary chalky limestone bed (equivalent to Bed 79) at 
5.25 m and the upper concretionary chalky bed (equivalent to Bed 90) at 12.1 m; and 2) a 
significant reduction in the proportion of the benthic foraminiferal assemblages with low 
species diversity similar to that in the more distal CK section.   In both sections, the early 
Turonian marker species Helvetotruncana helvetica has not been recovered. However, 
the presence of the Clavihedbergella subdigitata along with H. praehelvetica in upper 
parts of both studied sections confirms an early Turonian age of the limestone beds at the 
top of the two studied sections. C. subdigitata has been previously reported from 
equivalent strata (Jetmore in central Kansas) across Great Plains (Eicher and Worstell, 
1970).  
 Integrated sedimentological, paleontological, and geochemical data allowed correlation 
between our studied sections and the GSSP of the C/T boundary at the basin center. 
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Response of foraminifera to the paleoenvironmental and paleoceanographic 
perturbations, associated with OAE 2, provided a number of local, regional, and global 
correlative chronostratigraphic units of short duration (Fig. 8). The detailed 
biostratigraphic events observed at the in CK and RC sections, especially within the 
duration of the OAE 2, suggests similar paleoenvironmental and paleoceanographic 
histories at both sites. At the SCI section, proximity to the paleoshoreline partially 
masked many of the important marker bioevents recognized at the more distal sections in 
the WIS. However, integration of lithological and biological data revealed some of the 
section complexity. Geochemical data including organic carbon isotopes and clay 
mineralogy would further improve our understanding of paleoenvironmental and 
paleoceanographic processes of the eastern side of the seaway.  
2.5.2. Paleoenvironments  
Cretaceous rocks in the eastern margin of the seaway provide important insights into 
sedimentation, paleoceanography, and paleoenvironments in the WIS. During the early 
Cenomanian, fluvial and deltaic sediments characterize central Kansas (Hattin, 1967) for 
which the principal transport direction was toward the southwest (Franks et al., 1959). 
Further northeast, large fluvial meander-belt systems drained the North American craton 
west of the Appalachians across Iowa and emptied into the WIS (Whitley and Brenner, 
1981; Brenner et al. 1981). During the Greenhorn transgression, the sea pushed the 
shoreline further eastward diminishing the influence of the cratonic source area allowing 
the deposition of fine sediments including marine biogenic carbonates in central Kansas 
(Hattin, 1975; Brenner et al. 1981; Witzke and Ludvigson, 1982). In western Iowa, the 
Greenhorn transgression resulted in the displacement of coarse-grained fluvial sediments 
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of the Nishnabotna Member of the Dakota Formation by fine-grained sandstone and 
mudstone sediments of the Woodbury Member (Fig. 2; Whitley and Brenner, 1981). 
Only during the later stages of the Greenhorn transgression were the marine Graneros and 
Greenhorn formations (Equivalent to Hartland, Jetmore, and Pfeifer) deposited across 
western Iowa (Fig. 2; Witzke and Ludvigson, 1994). 
In central Kansas, the deposition of Hartland Shale is associated with a major change in 
population structure of foraminiferal assemblages from entirely planktics to mixed 
planktic and benthic assemblages (Eicher and Worstell, 1970; Hattin, 1975). Indeed, the 
lowermost portion of the CK section (Hartland Shale), pre-carbon positive isotope 
excursion, is dominated by low diversity planktic foraminiferal assemblages. At the basin 
center, however, conditions were better for proliferation of slightly more diverse and 
robust planktic foraminiferal assemblages (Eicher and Worstell, 1970; Eicher and Diner, 
1985; Elderbak and Leckie, in prep.). The CK site is more proximal to the paleo-
shoreline and hence planktic assemblages may have been influenced by changes in depth 
and/or terrigenous clastic influx from the eastern margin of the WIS. At this site, not 
surprising, planktic foraminiferal assemblages are dominated by Heterohelix; a taxon 
characteristic of the Epicontinental Sea Fauna (ESF) (Leckie, 1985; 1987; Leckie at al. 
1998). Heterohelicids are one of the most abundant and widely distributed groups in the 
WIS during the Greenhorn transgression (Eicher, 1969; McNeil and Caldwell, 1981). 
Increases in the eurytopic Heterohelix abundance has been related to low oxygen marine 
environments (Hart and Ball, 1986; Boersma and Premoli Silva, 1989; 1991; Leckie et al, 
1991; 1998) and/or reduced salinity of surface waters (Leckie, 1985; Leckie et al, 1991; 
1998; Elderbak and Leckie, in prep.). 
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During the time of the late Cenomanian Metiococeras Zone, studied samples are 
completely devoid of benthic foraminifera, suggesting inhospitable environmental 
conditions on the seafloor (Fig. 9). Similar conditions prevailed in Kansas and eastern 
Colorado (Eicher and Worstell, 1970) as well as in the Big Bend region, TX (Frush and 
Eicher, 1975). Low oxygen levels at and/or below the sediment-water interface have been 
suggested as an explanation for paucity of benthic foraminifera in this interval (Eicher 
and Worstell, 1970; Frush and Eicher, 1975; Eicher and Diner, 1985). Indeed, high TOC 
values up to 6.22 wt% may also suggest a better preservation of organic matter in 
anaerobic bottom conditions. However, some  studies  suggest  that  certain modern 
benthic  foraminiferal species  can  tolerate  very  low  oxygen levels and are found living 
in anoxic sediments (Smith, 1964; Phleger  and  Soutar  1973; Boltovskoy and Wright 
1976; Bernhard, 1989; Bernhard and Sen Gupta, 1999). Equivalent strata at the RC 
section are characterized by very low values (< 1.0 wt%) of TOC, but still lack benthic 
foraminifera (Eicher and Worstell, 1970; Caron et al., 2006; Elderbak and Leckie, in 
prep. ). Surface runoff to the eastern margin provided the basin with terrestrial organic 
matter and enhanced water column stratification (estuarine environment) (Fig. 9). 
Furthermore, accumulation of organic detritus creates anaerobic conditions beneath the 
sediment-water interface produces toxic H2S further amplifying unfavorable conditions 
for the benthos “Dead Zone”. Low oxygen levels and development of hypoxia conditions 
characterize several modern shallow marine environments receiving high freshwater 
input. The excess nutrients being discharged from the Mississippi River into the 
northern Gulf of Mexico, for example, enhances surface water primary productivity and 
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eutrophication leading to severe hypoxia and/or anoxia in the bottom water (e.g., 
Osterman et al., 2005, 2008, 2009; Platon et al., 2005; Diaz and Rosenberg 2008).   
Subsequent major sea-level transgression brought warm, oxygenated, normal salinity 
southern waters into the basin creating favorable conditions for diverse and abundant 
microfossil and macrofaunal assemblages of  the late Cenomanian Sciponoceras gracile 
Zone (Kauffman, 1984). The onset of this transgressive pulse is also associated with the 
deposition of the Hartland Shale limestone bed HL-1 (= Bed 63 at RC) which, coincides 
with the initial δ13C positive excursion marking the onset of OAE 2 (Fig. 10). A rapid 
increase in the proportion of benthic foraminifera (“Benthonic Zone”) marks a significant 
change in substrate and bottom water conditions (Sageman et al., 1997). This benthic 
oxygenation event has been recorded from the Big Bend region of Texas in the south to 
the Black Hills of South Dakota in the North (Eicher and Worstell, 1970; Frush and 
Eicher, 1975; Eicher and Diner, 1985) and from Lohali Point of Arizona in the southwest 
to CK in the eastern seaway (Leckie et al, 1991; 1998; this study). While northern and 
western regions were co-dominated by agglutinated and calcareous benthic species, 
calcareous benthic species dominate the assemblages of the eastern regions, which reflect 
the influence of different water masses. The benthonic zone believed to represent a 
synchronous event throughout the basin (Eicher and Worstell, 1970; Eicher and Diner, 
1985). 
 At the CK section, the “Benthonic Zone” is represented by 18 species most of which are 
calcareous of southern affinities. Here, the benthonic zone contains less diverse and less 
abundant benthic assemblages than that of equivalent strata at the basin center. This 
eastward decrease in benthic foraminiferal assemblages (abundance and diversity) is in 
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parallel with the eastward increase in TOC values suggesting more dysoxic bottom-water 
conditions to the east. According to the dilution model, however, the eastern side of the 
WIS should be more oxygenated than the western-side adjacent to the main source of 
terrigenous detritus and surface runoff. Planktic foraminiferal assemblages at this stage 
attained maximum diversity and abundance despite major species turnover indicating 
normal marine conditions. Disappearance of the keeled Rotalipora genus may have been 
due to break down of the water column stratification and not as previously suggested due 
to development and/or expansion of an oxygen minimum zone (e.g., Leckie, 1985; 
Leckie et al., 1998).  
During the oxic S. gracile Zone, dry climatic conditions along the eastern side of the 
seaway accompanied by rapid sea-level transgression resulted in a cutoff or limited 
freshwater input into the basin (Fig. 10). Subsequent break down of the water column 
stratification resulted in well-oxygenated seafloor conditions. Relative abundance of 
nannoplankton species indicative of high primary productivity significantly decreased in 
this interval indicating oligotrophic conditions (Eleson and Bralower, 2005). A marked 
decrease in the TOC values (<1.0 wt%) may also suggest reduced delivery of organic 
matter into the seafloor. Abundant and diverse foraminiferal assemblages, including 
deepdwelling keeled species suggests optimum marine conditions. Increased influx of 
biogenic carbonate to the seafloor may have created a significant change in substrate 
allowing diverse benthic foraminiferal assemblages to thrive. The preservation of 
mineral-filled feeding burrows in pure chalky limestones of the Bridge Creek Member 
and equivalents suggest early lithification of firm substrates (Hattin, 1971, 1975, 1985, 
1986). Early lithification of carbonate-rich strata, as indicated by lack of compaction, 
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may have provided a seal for upward degassed toxic H2S, further enhancing favorable 
conditions for the benthos.  
By latest Cenomanian time (Neocardioceras juddii Zone), a dramatic environmental 
change occurred and created a stressed habitat (reduced salinity and/or oxygen content) 
for both planktic and benthic communities. This zone is associated with a depauperate 
ammonite fauna in the central and eastern parts of the basin related to development of 
subsaline cap on the seaway; however, equivalent strata in Arizona, Utah, and Montana 
support a relatively diverse and abundant ammonite fauna (Elder, 1985). We suggest 
wetter climatic conditions at the eastern side of the seaway provided abundant freshwater 
input to the WIS at this time (Fig. 11). At the Sioux City site, this change is expressed in 
the formation of coarsening upward sequence of interbedded sandstone and siltstone with 
flaser and wavy bedding (Fig. 12). This 3 m-thick interval is devoid of any planktic and 
benthic foraminifera suggesting inhospitable environmental conditions. This sandy 
interval rests above a 1.5 m-thick shale containing abundant but low diversity planktic 
foraminifera and few benthics. The sedimentary structures associated with this 
progradational event suggest a high-energy shallow marine environment influenced by 
tidal currents (Fig. 12). Oxygen isotope data from the basin center recorded an abrupt 
negative shift at the base of the N. juddii Zone suggesting major flux of freshwater into 
the basin (Pratt, 1985; Barron et al., 1985; Pratt et al., 1993). At the CK section, this 
coincides with the widespread “Heterohelix shift event” that has been linked to a major 
drop in the δ18O value at the basin center (Leckie, 1985; Leckie et al., 1998). In addition, 
a spike in kaolinite at the central and western margin of the basin generally coincides 
with the “Heterohelix shift event”, which is believed to be a result of increased surface 
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runoff into the basin (Leckie et al., 1998). Moreover, a remarkable drop in the diversity 
of benthic foraminiferal assemblages is recorded at the CK section. Neobulimina 
albertensis, a presumed infaunal benthic species, dominates the benthic assemblages at 
both studied sections. At the SCI section, the proportion of N. albertensis increases 
significantly up to 39% (Fig. 6). A comparable trend has been recorded in the western 
and central parts of the seaway that has been related to the impingement of OMZ from 
southern reaches of the seaway (Leckie et al., 1998).  
At the top of the N. juddii zone, the “Gavelinella acme event” recorded in western and 
central parts of the basin and has been interpreted as productivity event (Leckie et al, 
1998), but it is less pronounced on the eastern cratonic shelf. Leckie et al. (1998) suggest 
that upwelling of cool nutrient-rich northern waters, flowing southward along the seaway 
western’s margin, on the “forebulge” topographic-high structures stimulated primary 
productivity and hence delivery of organic matter to the seafloor. At the CK section, TOC 
values increased significantly up to 9.65 wt% suggesting favorable conditions for organic 
matter preservation.  Increased nutrient discharge from rivers and upwelling of nutrient-
rich waters over topographic highs stimulate primary productivity and hence increased 
organic matter influx to the seafloor (Fig. 11). Development of a “dead zone” completely 
excluded benthic foraminiferal assemblages at the SCI section and significantly reduced 
benthic abundance and diversity at the CK section. Therefore, we suggest that benthos 
along the eastern margin of the seaway was more controlled by dissolved oxygen content 
than by food availability.  
By earliest Turonian time (lowermost Watinoceras devonense Zone), the upper water 
column conditions deteriorated at the more proximal site (SCI section) and only few 
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specimens of dwarfed Heterohelix and Hedbergella planispira have been recovered. At 
the more distal CK section, Heterohelix continues to dominate the planktic assemblage. 
At both sites, bottom water conditions were also much stressed (low oxygen levels) and 
only few specimens of N. albertensis occupied the niche. This may have been associated 
with the expansion of the intermediate dysoxic southern waters into the area (Fig. 13). 
However, TOC values gradually decreased as the plateau of δ13C positive values begins 
to drop. The influence of freshwater influx from the eastern margin was more pronounced 
at the SCI section.   
A subsequent slight improvement in the upper water column (near-normal marine 
salinities) is reflected in increased species diversity of planktic foraminifera especially at 
the more proximal SCI site. This is associated with the deposition of the Jetmore Member 
limestone beds in Kansas and equivalent strata of the Greenhorn Formation in Iowa. The 
lower ten of the thirteen Jetmore limestone beds have a remarkable geographic 
distribution that can be traced from northeastern Kansas to the east flank of the San Juan 
Basin and attest to the uniformity of conditions across the seaway during their deposition 
(Hattin, 1971, 1975, 1985, 1986; Elder, 1985).  At the CK section, unfortunately, 
foraminiferal assemblages have been investigated in only one sample from the Jetmore 
Member at the top of the studied section at 767 cm (Fig. 8). Above the C/T boundary this 
sample contains the most diverse planktic foraminiferal assemblage including the keeled 
H. praehelvetica which suggests a return of normal marine conditions at the surface. In 
this interval, planktic foraminiferal assemblages are more robust and species are larger in 
size when compared to the assemblages from underlying intervals. However, the 
presence of radially elongated chambered foraminifera such as Clavihedbergella may 
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suggest expansion of the oxygen minimum zone (Figs, 8, 15; Verga and Premoli silva, 
2002; Coccioni et al., 2006; Coxall et al., 2007). The time of the Mammites nodosoides 
Zone in the early Turonian coincides with peak transgression and the seaway may have 
reached its maximum depth and width (Elder and Kirkland, 1993; Leithold, 1994; West 
et al, 1998).The low-oxygen tolerant, infaunal N. albertensis continued to dominate 
benthic foraminiferal assemblages with sporadic accordance of epifaunal G. dakotensis 
suggesting stressed bottom water conditions (low oxygen levels) associated with pulses 
of organic matter influx.  
2.5.3. Paleoceanography  
In the WIS, the late Cenomanian to early Turonian Greenhorn Cyclothem records a peak 
sea level highstand during which the seaway reached its maximum extent and depth (Fig. 
1; Williams and Stelck, 1975; Kauffman, 1977; 1984; Molenaar, 1983; Cobban and 
Hook, 1984; Leckie et al., 1991, 1998; Slingerland et al., 1996; Hardenbol et al., 1998; 
West et al., 1998). Changes in global climate undoubtedly influenced what is recorded in 
the WIS during C/T time, but regional features including tectonics and incursion of 
different water masses also had their imprint (Hay et al., 1993; Slingerland et al., 1996; 
Leckie et al., 1998). Utilizing sedimentological, paleontological, and geochemical data, 
as well as numerical models, have revealed the complexity of the prevailing climatic and 
oceanographic conditions of the mid-Cretaceous WIS (e.g., Frush and Eicher, 1975; 
Lloyd, 1982; Parrish et al., 1984; Ericksen and Slingerland, 1990; Leckie et al., 1991; 
1998; Jewell, 1993; Fisher et al., 1994; 2003; Hay et al., 1993; Fisher, 1995; Slingerland 
et al, 1996; West et al., 1998; Floegel et al., 2005). These studies have suggested that the 
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central part of the WIS was characterized by a warm and humid subtropical climate that 
created different scenarios for water mass distribution and interactions (Fig. 14) 
For example, Hay et al., (1993) proposed three scenarios for the mixing of southern and 
northern water masses. One such scenario is the convergence of these two water masses 
along an oceanic front that result in the formation of a third denser water mass that sinks 
and flows out of the WIS and toward the open ocean (Fig.14a). Utilizing constraints from 
atmospheric general circulation models, Slingerland et al. (1996) suggested a quasi-
estuarine circulation for the early Turonian WIS with a counterclockwise gyre (Fig. 14c). 
Surface runoff from both margins of the WIS causes surface water to incline toward the 
basin center that allows a pathway for fresh waters. However, the Coriolis force deflects 
these waters to the right allowing them to pile up and move as coastal jets northward and 
southward along the eastern and western margins of the basin, respectively. 
Subsequently, Tethyan and Boreal surface waters meet and mix to form a denser third 
water mass that sinks, splits, and returns to the open ocean. The strength of the gyre is 
controlled by the difference between the amount of precipitation and evaporation (P – E) 
as well as by changes in the sill depth at both ends of the seaway. Under constant 
insolation values, the two strongest driving forces of this type of gyre circulation are the 
surface runoff and meridional temperature gradients (Kump and Slingerland, 1999). 
Changes in the amount of surface runoff during the precession cycle (Floegel et al., 2005) 
and/or changes in insolation (Glancy et al., 1993) may have significantly affected climate 
and the sedimentation patterns in the WIS. Slingerland’s model explained the mechanism 
by which the Tethys water mass advanced into WIS, but failed to produce widespread 
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organic-rich strata or water-column stratification because of rapid mixing of the water 
column (Fisher, 2003). 
Leckie et al. (1998) proposed a paleoceanographic circulation model for the WIS based 
on detailed study of foraminifers and clay mineralogy of the shale and marl intervals 
from three localities (Fig. 14d). These three sites represented a transect across the 
southwestern side of the seaway and they indicated that southern and northern waters met 
along an oceanic front that may have been influenced by a forebulge along the 
tectonically active western margin of the foreland basin. The model suggests that a warm, 
normal salinity water mass dominated the southern and eastern parts of the seaway and a 
cool, relatively low salinity water mass dominated the northern and western parts of the 
seaway. They suggest similar surface water masses for the foredeep at Lohali Point (LP) 
and the deep marine site at Rock Canyon (RC), based on similarities in planktic 
foraminiferal assemblages and clay mineralogy content. However, these two sites have 
different benthic foraminiferal assemblages; specifically, the LP benthics are typical of 
northern assemblages and the RC benthics typify southern assemblages. This indicates a 
stratified water column for the foredeep at the southwestern side of the seaway. 
Foraminiferal assemblages of the studied sections indicate that eastern side of the seaway 
was influenced by the southern watermass during late Cenomanian to early Turonian. 
Foraminiferal assemblages represent a striking similarity between Cuba, KS section and 
the GSSP section at Rock Canyon, CO suggesting that both sites were under similar 
paleoenvironmental and paleoceanographic conditions and processes. Pre-OAE2 carbon 
isotope excursion planktic foraminifera are represented by relatively diverse assemblages 
that indicate normal marine conditions but the eastern cratonic shelf of the seaway may 
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not have been deep enough at this time to support deep dwellers such as keeled planktic 
morphotypes. Proximity of the site to the paleoshoreline and riverine input into the basin 
from the eastern margin may also have contributed to the increased abundance of the 
genus Heterohelix (Fig. 15a). The elevated values of TOC at this stage and absence of 
benthic foraminiferal assemblages indicate oxygen deficient bottom water conditions that 
may have been due to combinations of increased organic matter (marine and terrestrial) 
influx and a stratified water column (Fig. 15a). This coincided with increased relative 
abundance (~ 30%) of the mesotrophic or eutrophic nannofossil species Biscutum 
constans (Eleson and Bralower, 2005). Moreover, northward flowing southern waters 
along the eastern margin brought nutrients and an extra input of calcareous plankton into 
the basin. Upwelling around structural and paleotopographic highs may have stimulated 
primary productivity and increased organic flux to the seafloor (Fig. 15a).   
Sea-level rise and rapid transgression at the base of the S. gracile Zone brought warm, 
normal marine and well-oxygenated southern waters into the basin along with diverse and 
abundant macrofauna and calcareous plankton (Fig. 15b). This zone has the most diverse 
assemblages in Greenhorn rocks of Kansas (Cobban and Reeside, 1952; Hattin, 1975). 
Oligotrophic conditions are indicated by nannoplankton assemblages (Eleson and 
Bralower, 2005) and diverse planktic foraminiferal assemblages. In addition, normal 
salinity and well-oxygenated conditions at the seafloor allowed a diverse mix of infaunal 
and epifaunal benthic foraminiferal assemblages.  
During the latest Cenomanian (N. juddii Zone), increased surface runoff from eastern 
margin of the seaway may have enhanced water column stratification. Indeed, deposition 
of a coarsening upward sequence of interbedded sandstone and mudstone with high 
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energy sedimentary structures at the most proximal site indicates high river sediment 
discharge. Based on our biostratigraphic interpretations, the N. juddii Zone at the Sioux 
City, IA section is about five-times thicker than at the CK section, and about 3 times that 
of RC section (Fig. 8). Increased nutrient discharge from rivers and upwelling of nutrient-
rich bottom waters over topographic highs stimulated primary productivity and increased 
organic matter flux to the seafloor. Development of a “dead zone” in coastal waters 
completely excluded benthic foraminiferal assemblage at the SCI section and 
significantly reduced benthics abundance and diversity at CK section. Incursion of low-
oxygen intermediate Tethyan waters added to the benthos inhospitality especially at the 
central and southern parts of the basin (Fig 15c).  
By earliest Turonian time (W. devonense Zone), continued sea-level rise deepened water 
column over topographic highs and reduced upwelling processes (Fig. 15d). In addition, 
shoreline migrated further landward limiting the influence of freshwater and nutrient 
input at the study sites. Tethyan intermediate waters and OMZ expanded northward along 
the eastern margin. Planktic foraminiferal assemblages indicate slight improvement in the 
upper water column, but benthic assemblage suggests continued deterioration conditions 
at the seafloor.  The infaunal N. albertensis dominate the benthic foraminiferal 
assemblages in the central and eastern parts of the seaway indicating the persistence of 
dysoxic conditions.  
Greenhorn transgression peaked during the early Turonian (M. nodosoides Zone) and the 
seaway reached its maximum extent and depth (e.g., Elder and Kirkland, 1994; Leithold, 
1994; Arthur and Sageman, 2005). At this stage, full normal marine conditions were 
widespread even at the most proximal part of the basin (Sioux City site) and alternating 
109 
 
limestone and shale couplets were deposited. Relatively diverse planktic foraminiferal 
assemblages characterize both limestone and shale samples (Fig. 15e). In fact, planktic 
and benthic foraminiferal assemblages from a shaly bed are more diverse than that of the 
adjacent limestone. Similar trend characterizes the alternating limestone and marlstone 
beds of the Bridge Creek Limestone at the basin center (Elderbak and Leckie, in prep.). 
This has been explained by a proposed oceanographic circulation that combines the 
models of Slingerland et al. (1996) and Leckie et al., (1998).  
2.6 Conclusions 
1. Late Cenomanian – early Turonian from northeastern Kansas (Cuba) and western 
Iowa (Sioux City) foraminiferal assemblages indicate that the eastern cratonic 
shelf and central axis basin of the Western Interior Sea were influenced by the 
same water mass (warm southern water mass). 
2. The eastern margin was a significant source of sediments and fresh water influx to 
the basin. Topographic highs (e.g., Sioux Ridge and horst and graben structures) 
may have restricted circulation and enhanced stagnation, as well as stimulating 
upwelling and increasing productivity and creating dead zones along the eastern 
margin. 
3. Shallow redox boundary and production of toxic H2S eliminated benthic 
foraminifera in the lowermost portion of the study interval that corresponds to the 
upper Cenomanian M.  mosbyense Zone.  
4. During the time of the S. gracile Zone in the late Cenomanian, increased flux of 
carbonate shells to the seafloor and early lithification of sediments provided a seal 
for toxic H2S allowing diverse benthic foraminiferal assemblage to flourish. Yet, 
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eastward decreasing thickness of the basal limestone bed is reflected in more 
dysoxic benthos eastward.  
5. The initial carbon positive excursion marking the onset of Oceanic Anoxic Event 
2 coincides with well-oxygenated seafloor (diverse benthics and low TOC values) 
in the WIS that is correlative with European sections supporting the rapid, 
synchronous influence of OAE2 around the globe.  
6. The presence of deep-dwelling planktic foraminiferal species such as Rotalipora 
greenhornensis , R. cushmani and Globigerinelloides bentonensis in the relatively 
shallow environment of the eastern margin indicates that these species were 
brought to this part of the basin by gyre circulation from the south.  
7. Planktic and benthic foraminiferal assemblages of Cenomanian/Turonian strata 
provide a sequence of synchronous bioevents with respect to marker bentonite 
seams.  
8. By latest Cenomanian time (N. juddii Zone), the incursion of a southern 
intermediate water mass to the basin, combined with topographic induced 
upwelling and coastal zone hypoxia wiped out all benthic foraminiferal 
assemblages on the eastern cratonic shelf.  
9. Dysoxic to anoxic benthic conditions allowed preservation of organic matter and 
mobilization of nutrients that enhanced surface primary productivity, which 
retained its imprint on the carbon isotope profile.  
10. By early Turonian time (W. devonense Zone), slight increase in planktic 
foraminiferal diversity indicates improved surface water conditions, including 
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reduced influence of freshwater runoff from the east, and marking the gradual 
termination of the global carbon-isotope excursion associated with OAE2.  
11.  Integration of foraminiferal bioevents and chemostratigraphic data with 
lithofacies and marker beds allowed high-resolution stratigraphic correlation 
between eastern seaway sections and the C/T GSSP reference section at Rock 
Canyon, CO.   
12. Foraminiferal assemblages represent a striking similarity between Cuba, KS 
section and the GSSP section at Rock Canyon, CO suggesting that both sites were 
under similar paleoenvironmental and paleoceanographic conditions and 
processes, while the Sioux City, IA section reveals the important influence of 
runoff and nutrient influx from eastern side of the seaway.
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Figure 2.1 Location map showing position of the paleoshoreline (this study) to the studied sections (red circles) and their relative distance from 
the GSSP section at Rock Canyon, CO (yellow circle). It also shows a number of previously studied sections (green circles). 
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Figure 2.2 Stratigraphic nomenclature of Cenomanian – Turonian strata from the San Juan Basin and Mesa Verde on the western side of 
the seaway to the “Tri-state region” on the eastern margin (modified after Hattin, 1987; Leckie et al., 1997; Brenner et al., 2000). 
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Figure 2.3 Transect from Blue Point, Arizona, to Sioux City, Iowa, showing relative stratigraphic placement of limestone and bentonite marker 
beds (A-D) through the Cenomanian – Turonian boundary interval. It also shows the geographic distribution of the limestone marker beds and 
coeval concretion beds in the different lithofacies regions. Numerical numbering of marker beds follow Cobban and Scott, 1972 (C & S), Elder, 
1985 (E), and Hattin, 1975 (H). Modified after Elder (1991). The C/T boundary is at the base of Bed 86. 
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Figure 2.4 Stratigraphic section of the Rock Canyon anticline (after Caron et al., 2006), the Cenomanian – Turonian boundary Global Stratotype Section 
and Point (GSSP) showing the most important foraminiferal bioevents (Leckie, 1985; Leckie et al., 1998; Caron et al., 2006; Elderbak and Leckie, in prep.) 
and planktic/benthic ratio (Elderbak and Leckie, in prep.) associated with the Oceanic Anoxic Event 2 (OAE 2) as indicated by carbon isotope curve (Caron 
et al, 2006; Sageman et al., 2006). Bed numbering based on Cobban and Scott, (1972). 
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Figure 2.5 Foraminiferal assemblages of the Cuba, KS section showing P/B ratio and the proportion of major planktic foraminifera morphotypes 
including foraminiferal bioevents associated with OAE 2. The δ13C isotope curve from Bowman and Bralower,(2005). 
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Figure 2.6 Foraminiferal assemblages of the Sioux City, IA section including P/B ratio and the proportion of planktic foraminiferal 
morphotypes. 
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Figure 2.7 Stratigraphic section of Cuba, KS showing changes in the structure of benthic foraminiferal assemblages. Weight percent of 
total organic carbon (wt% TOC) and carbon isotope curves from Bowman and Brelower, 2005. 
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Figure 2.8 High-resolution correlation between the studied sections (CK and SCI) and the RC (GSSP of the C/T); all the sections 
drawn at the same scale. Ages are from Meyers et al., 2012. 
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Figure 2.9 Paleoenvironmental interpretation for the upper Cenomanian M. mosbyense Zone at the eastern margin of the WIS as indicated by 
foraminiferal assemblages and carbon isotope and organic carbon curves. 
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Figure 2.10 Paleoenvironmental interpretation for the upper Cenomanian S. gracile Zone at the eastern margin of the WIS as indicated by 
foraminiferal assemblages and carbon isotope and organic carbon curves. 
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Figure 2.11 Paleoenvironmental interpretation for the uppermost Cenomanian N. juddii Zone at the eastern margin of the WIS as indicated by 
foraminiferal assemblages and carbon isotope and organic carbon curves. 
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Figure 2.12 Startigraphic section of the Graneros and Greenhorn formations at Sioux City, IA 
showing images of the sedimentary structures associated with the 3 m-thick sandy interval in the 
lower part of the section and the contact between the Graneros and the overlying Greenhorn 
Formation. 
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Figure 2.13 Paleoenvironmental interpretation for the lower Turonian W. devonense Zone at the eastern margin of the WIS as indicated by 
foraminiferal assemblages and carbon isotope and organic carbon curves. 
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Figure 2.14 A number of the proposed oceanographic models of the Cretaceous WIS: A) caballing model (Hay et al., 1993; 
Fisher et al., 1995); B) fresh-water lid model of (e.g., Jewel, 1993); C) estuarine model (Slingerland et al., 1996); D) 
topographic high model (Leckie et al., 1998). 
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Figure 2.15 A sequence of reconstructions (A- E) showing paleoceanographic developments from late 
Cenomanian to early Turonian along the eastern margin of the WIS. 
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CHAPTER 3 
THE LATEST CENOMANIAN – EARLY TURONIAN WESTERN INTERIOR 
SEA: A PALEOCEANOGRAPHIC CORRIDOR 
3.1. Introduction 
The mid-Cretaceous, particularly during late Cenomanian time, was characterized by 
significant perturbations in paleoceanographic conditions and biogeochemical cycles 
(e.g., Scholle and Arthur, 1980; Pratt and Threlkeld, 1984), and elevated rates of biotic 
turnover (e.g., Premoli Silva et al., 1999; Leckie et al., 2002; Caron et al., 2006). During 
this time, increased tectonic activity resulted in elevated levels of atmospheric 
greenhouse gases, causing global warming and accelerating the hydrological cycle (e.g., 
Hay and DeConto, 1999; Larson and Erba 1999; Jones and Jenkyns 2001; Leckie et al., 
2002; Jenkyns 2003; Weissert and Erba 2004; Suarez et al., 2011). A pronounced sea-
level rise flooded continental interiors to form shallow epicontinental seas worldwide 
(Fig. 1; e.g., Hancock and Kauffman, 1979; Brass et al. 1982; Arthur et al., 1987; Haq et 
al., 1987; Haq, 2014). Marine and terrestrial proxies suggest that the mid-Cretaceous 
climate was significantly warmer than today’s climate and it is characterized by a 
reduced meridional temperature gradient and “equable climate” (Barron, 1983; Sloan and 
Barron. 1990; Huber et al., 1995, 2002; Bice et al., 2006; Forster et al., 2007; Sinninghe 
Damsté et al., 2010). 
In general, sea surface temperatures (SSTs) of mid-Cretaceous were higher than present 
day (e.g., Huber et al., 1995, 1999, 2002; Hay, 2008; Friedrich et al., 2012). Based on 
δ18O ratios of pristine monospecific foraminiferal tests and the tetraether index of 86 
carbon atoms (TEX86), Turonian SSTs in the equatorial Atlantic Ocean were estimated 
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to be in the range of 32-35°C (Bornemann and Norris, 2007; Forster et al., 2007; 
Bornemann et al., 2008; Hay, 2008). Similarly, high-latitude SSTs were much higher 
than today, with estimates in excess of 20°C (e.g., Huber et al., 1995, 1999, 2002; Hay, 
2008). This significant warming was mainly attributed to high atmospheric pCO2, 
estimated to be 3 to 12 times higher than preindustrial levels (Barron and Washington, 
1985; Berner, 1992, 2006; Barclay et al., 2010). High pCO2 values were the result of 
multiple pulses of extensive volcanic activity including submarine volcanic eruptions and 
associated hydrothermal activity (e.g., Arthur et al., 1985a; Larson, 1991; Kauffman and 
Caldwell, 1993; Orth et al., 1993; Leckie et al., 2002; Erba, 2004; Snow et al., 2005; 
Turgeon and Creaser, 2008; Seton et al., 2009; Meyers et al., 2012).  
The mid-Cretaceous is characterized by deposition of organic-rich sediments associated 
with a positive δ13C isotopic excursion in both carbonate and organic carbon sediments 
recognized as Oceanic Anoxic Events (OAEs) (Schlanger and Jenkyns, 1976; Scholle and 
Arthur, 1980; Pratt and Threlkeld, 1984; Arthur et al., 1987; Schlanger et al., 1987; 
Leckie et al., 2002; Jenkyns, 2010). At least five mid-Cretaceous OAEs have been 
recognized, with OAE 1a (early Aptian, ~121 Ma) and OAE 2 (latest Cenomanian-
earliest Turonian, ~94 Ma) the most widespread (Figs. 2, 6; e.g., Leckie et al., 2002; 
Jenkyns, 2010). High rates of organic-carbon burial under conditions of bottom water 
anoxia during OAEs led to increase seawater δ13C values, producing a characteristic 
geochemical signature for these events (Jenkyns, 2010; Barclay et al., 2010; Blättler et 
al., 2011; Jarvis et al., 2011; van Bentum et al., 2012; Pogge von Strandmann et al., 
2013).  
The Cenomanian – Turonian OAE or OAE 2 was a short-lived event (< 1 myr) 
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characterized by a significant positive shift in δ13C of organic carbon (4–6‰) and 
carbonate (typically ~2‰) (Figs. 2, 6; Scholle and Arthur, 1980; Pratt 1984, 1985; Pratt 
and Threlkeld, 1984; Schlanger et al., 1987; Arthur et al., 1988; Pratt et al., 1993; 
Sageman et al., 1998, 2006; Jarvis et al., 2006, 2011), and by micro- and macrofossil 
extinction and diversification (Fig. 2; e.g., Leckie, 1985; Watkins, 1985; Elder and 
Kirkland 1985; Elder, 1987a; Jarvis et al., 1988; Kennedy and Cobban, 1991; Philip and 
Airaud-Crumiere, 1991; Johnson et al., 1996; Leckie et al., 2002; Gale et al., 2005). OAE 
2 is documented by black shales deposited extensively in different marine settings 
worldwide. An estimated 1.6x1018 moles of organic matter have been buried during ~ 
500 Kyr duration of OAE 2 which resulted in a significant CO2 depletion in the ocean-
atmospheric system (Arthur et al., 1988; Kuypers et al., 1999). 
In general, three models have been proposed to explain the formation of widespread 
bottom-water anoxia or even euxinia during OAE 2. The productivity model suggests 
increased production of organic matter resulting from an elevated nutrient supply due to 
increased continental weathering and/or upwelling (Fig. 3a; Schlanger and Jenkyns, 
1976; Arthur et al., 1987; Erbacher et al., 1996; Trabucho Alexandre et al., 2010). 
Decomposition of sinking organic matter through the water column would lead to an 
expansion and intensification of Oxygen Minimum Zone (OMZ) as well as widespread 
black shale deposition (Schlanger and Jenkyns, 1976; Arthur and Scholle, 1980). The 
stagnation model invokes sluggish ocean circulation resulting from a reduced meridional 
temperature gradient and/or increased surface runoff and stratification, preventing the 
deep ocean from being replenished in oxygen (Fig 3b; e.g. Schlanger and Jenkyns, 1976; 
Barron, 1983; Bralower and Thierstein, 1984; Arthur etal., 1987; Huber et al., 1995, 
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2002; Bice et al., 2006; Forster et al., 2007; Sinninghe Damsté et al., 2010). The 
volcanism model suggests increased submarine volcanic activity associated with the 
formation of large igneous provinces (LIP) that could have led to consumption of 
seawater oxygen as result of oxidation of large quantities of the released reduced metals 
and sulphides (Fig. 3c; e.g. Sinton and Duncan, 1997; Kerr, 1998; Snow et al., 2005). 
Furthermore, submarine volcanic eruptions and associated hydrothermal activity could 
have introduced trace metal micronutrients (especially iron) to the ocean, which would 
have increased primary productivity and flux of organic matter to the seafloor (Fig. 3c; 
Leckie et al., 2002; Adams et al., 2010).  
One of the most important components for understanding the processes responsible for 
the significant biotic and abiotic changes associated with OAE 2 is the state of ocean 
circulation (e.g., Elderbak and Leckie, in prep). It has been long hypothesized that the 
mid-Cretaceous meridoinal overturning circulation was sluggish (e.g., Bralower and 
Thierstein, 1984). However, latest oceanographic numerical studies suggests that the 
meridional overturning circulation of the mid-cretaceous North Atlantic was slightly 
stronger than the average present-day North Atlantic meridional overturning circulation, 
especially in the south‐central (10–30°N) North Atlantic Basin (Trabucho Alexandre et 
al., 2010; Topper et al., 2011). Furthermore, changes in ocean circulation associated with 
deepening and/or opening of gateways may have been responsible for the deposition of 
organic-rich sediments during OAE 2, especially in the proto-North Atlantic (e.g., Forster 
et al., 2007; Trabucho Alexandre et al., 2010; Topper et al., 2011). Numerical 
oceanographic models suggest that sluggish ocean cannot lead to euxinia that requires 
constant supply of nutrients to the surface ocean to sustain elevated primary productivity 
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(Meyers and Kump, 2008; Kump et al., 2008; Flögel et al., 2011; Owens et al., 2012). 
Instead, estuarine circulation has been proposed as the mechanism for the deposition of 
organic-rich sediments in the North Atlantic, which became a nutrient trap (e.g., Meyers 
and Kump, 2008; Trabucho Alexandre et al., 2010).  
A short-lived cooling event (<150 kyr) during the early phase of OAE 2 may have been 
the consequence of extensive burial of δ13C-depleted organic carbon (Forster et al., 2007; 
Barclay et al., 2010; Jarvis et al., 2011).  Sporadic southward migration of boreal fauna 
into mid-latitude shelf seas in NW Europe shortly after the onset of OAE 2 suggests a 
cooling episode (Jefferies, 1961; Kuhnt et al., 1986; Jenkyns et al., 1994; Gale and 
Christensen, 1996; Voigt et al., 2004), which has been termed the “Plenus Cold Event” 
(Christensen, 1997). This cooling event may have significantly changed ocean circulation 
during OAE 2 through increased latitudinal temperature gradient and may have caused 
instability to vertical water column structure (Forster et al., 2007; Sinninghe Damsté et 
al., 2010). Coincident with this cooling event, a short-lived sea-floor oxygenation episode 
has been recognized elsewhere including the “Benthonic Zone” in the WIS of North 
America (Eicher and Worstell, 1970; Leckie et al., 1998; Elderbak et al., in review; 
Elderbak and Leckie, in prep.), a benthic foraminifera repopulation event in Demerara 
Rise off South America (Friedrich et al., 2006; van Bentum et al., 2009), and a benthic 
oxic zone in Tarfaya Basin, Morocco (Kuhnt et al., 2004; Wagner et al., 2004; Keller et 
al., 2008).  
The purpose of this paper is to compare data from three sites representing different 
geological settings and geographic locations in order to investigate similarities and 
differences among these sections in response to OAE 2. The three principal sections to be 
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compared are the GSSP of the C/T boundary at Rock Canyon anticline near Pueblo, 
Colorado, the Gun Gardens section in Eastbourne, UK, and ODP Site 1260 on Demerara 
Rise in the western tropical Atlantic. We hypothesize that the Western Interior Sea (WIS) 
of North America played a fundamentally important role in ocean circulation and 
intermediate water formation during Oceanic Anoxic Event 2.  
3.2. Background and Review 
3.2.1.  Magmatic episodes and OAE 2 connection 
Sinton and Duncan (1997) proposed that there was a significant connection between the 
formation of a large portion of the Caribbean Plateau, a Large Igneous Province (or LIP), 
and environmental perturbations associated with OAE 2. The processes associated with 
the formation of the oceanic plateau may have been the trigger of the widespread black 
shale deposition and organic carbon burial around the time of the Cenomanian - Turonian 
boundary (Kerr, 1998). Associated with this massive submarine volcanic activity was the 
release of considerable heat and energy as well as trace metals that may have 
significantly affected the chemistry of the ocean (Fig. 4C; Sinton and Duncan, 1997; 
Snow and Duncan, 2005).  
A number of LIPs erupted close to the Cenomanian – Turonian boundary, including the 
Caribbean-Colombian Igneous Province, Kerguelen and Ontong Java plateaus, or the 
Madagascar flood basalts; however, the Caribbean Plateau is the most likely to coincide 
with OAE 2 (Fig. 2; Bralower, 2008; Turgeon and Creaser, 2008). Barclay et al. (2010) 
suggest a 20% increase over background levels in the pCO2 concentrations before the 
onset of OAE 2 based on counts of fossil leaf stomata recovered from paralic facies of 
sections located in southwest Utah.  Os-isotope data from deep-sea sediments on 
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Demerara Rise and Furlo Italy demonstrate that increased volcanism activity predates the 
onset of OAE 2 as defined by the positive excursion in δ13Corg and δ13Cbulk values. 
Increased pCO2 is likely a consequence of this volcanism (Fig. 5). Records of δ13Corg 
from different sites show a significant negative shift following the first peak (A) in the 
δ13C curve that coincides with shifts in lead isotopic composition of the silicate sediment 
fraction and indicates a massive release of volcanogenic silicate minerals and CO2 
associated with subaerial volcanism (Kuroda et al., 2007).  
The strontium isotope composition of seawater is influenced by changes in climate, 
tectonic activity, weathering, and hydrothermal activity. Strontium is characterized by a 
long residence time (~3 myr), which is much greater than mixing time of the world ocean 
today, resulting in a spatially homogeneous distribution of Sr-isotopes in seawater at any 
point in time (Elderfield, 1986; Veizer, 1989). Increased submarine volcanic activity at 
the beginning of the OAE 2 is indicated by lower strontium isotope (87Sr/86Sr) in marine 
carbonates (Fig. 2; Ingram et al., 1994; Bralower et al., 1997; Jones and Jenkyns, 2001, 
Leckie et al., 2002; Jenkyns, 2010).  
Despite having a longer residence time than mixing time of the ocean, osmium has a 
much shorter residence time (~10 kyr) than strontium making it a better proxy to trace 
hydrothermal activity regionally and globally (Palmer et al., 1988; Richter and Turekian, 
1993; Peucker-Ehrenbrink and Ravizza, 1996, 2012; Levasseur et al., 1999). At two 
geographically distant sites (Demerara Rise and Furlo section), a dramatic drop in the 
osmium isotope (187Os/188Os) values just prior to the positive δ13Corg excursion also 
indicates a widespread magmatic pulse (Fig. 5; Turgeon and Creaser, 2008). The 
similarity in magnitude and structure of the Os-isotope record at these two distant 
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locations suggests that the both sites recorded the same processes (Turgeon and Creaser, 
2008).  
Increased hydrothermal activity around the time of the Cenomanian-Turonian boundary 
is also indicated by elevated levels of trace metals in the pelagic carbonates and organic-
rich sediments in the C/T GSSP at Pueblo, CO (Fig. 6; Orth et al., 1993; Snow and 
Duncan, 2005). Elevated levels of trace metal abundance are concentrated in two peaks in 
the upper Cenomanian Sciponoceras gracile Zone at a number of sites in the WIS of 
North America (Orth et al., 1993). They suggested a link between trace metal 
enrichments and intensified seafloor spreading and associated hydrothermal activity. 
These metal anomalies seem to correlate closely to a number of biotic turnover events 
associated to the OAE 2, including the extinction of the planktic foraminiferal genus 
Rotalipora at or near the first of these peaks. However, these trace metal anomalies might 
be the result of changes in pore water redox conditions within organic-rich sediments 
which may result in a concentration of trace metals through scavenging and bio-
concentration (Brumsack, 1986), or remobilization within pore waters (Torres et al., 
1996). Nevertheless, a coincident and similar pattern of metal anomalies is recorded in 
two other distant sites, NW Europe and Colombia (Orth et al., 1993), suggesting that this 
is a robust signal not related to diagenesis.  
It becomes evident that increased suberial and submarine volcanic activity had a direct 
connection to the initiation of the OAE 2 that was characterized by a perturbation in the 
carbon cycle (e.g. Leckie et al., 2002; Turgeon and Creaser, 2008). Elevated rates of 
volcanism in the latest Cenomanian caused significant changes in the composition of the 
atmosphere by increasing CO2 levels (Barclay et al., 2010) and resulting in rapid 
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greenhouse warming, followed by a brief interval of cooling (Pratt et al., 1993; Caron et 
al., 2006; Forster et al., 2007; Sinninghe Damsté, 2010; Jarvis et al., 2011).  Moreover, 
submarine volcanism caused secular changes in the ocean chemistry by producing 
reduced compounds and biologically limiting elements which eventually lead to oxygen 
depletion in the water column.   
3.2.2.  Implication of global warmth associated with OAE 2 
The late Albian-Turonian was extraordinarily warm world due to high global sea level 
and elevated levels of volcanically derived CO2 in the atmosphere and ocean (Figs. 2, 6; 
e.g., Barron and Washington, 1985; Tarduno et al., 1998; Kerr, 1998). Absence of glacial 
deposits in high-latitude regions and spread of nannofossil chalk and larger, more 
calcified planktic foraminifera suggest a warm world free of ice-caps at this time (e.g., 
Leckie et al., 2002; Huber et al., 2002). During the Late Cretaceous paleo-climate proxies 
such as δ18O and TEX86 indicate that mean annual temperatures of the polar ocean and 
land were in excess of 20°C and 13°C, respectively (Bice et al., 2003; Jenkyns et al., 
2004; Spicer et al., 2002, 2008). By latest Cenomanian to earliest Turonian, middle 
bathyal (~1000-1500 m) water temperatures at 30⁰N paleolatitude in the North Atlantic 
reached 20°C suggesting a hot greenhouse phase (Fig. 6; Huber et al., 2002). The C/T 
boundary interval at 30⁰N paleolatitude (ODP Site 1276), North Atlantic recorded very 
warm SSTs based on TEX86 proxy, but it was punctuated by two significant cooling 
intervals coeval with the “Plenus Cold Event” in northwestern Europe (e.g., Sinninghe 
Damsté et al., 2010; Jarvis et al., 2011).  
Construction of pCO2 values based on a stomatal index data suggests an increase in the 
pCO2 by 20% over background levels of 370 (+100/-70) ppm through the late 
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Cenomanian (Barclay et al., 2010; 2011). A subsequent decline in pCO2 at the onset of 
OAE 2 suggests extensive carbon burial (Barclay et al., 2010). The Δ13C (offset between 
δ13Ccarb and δ13Corg) is also proven to be a good pCO2 proxy and it inversely tracks the 
stomatal index (Jarvis et al., 2011). The Δ13C also suggests increase in pCO2 values from 
volcanic source prior to the onset of δ13C positive excursion, which is then followed by a 
rapid decrease in the pCO2 values at the onset of the c-isotope excursion. Sinninghe 
Damste et al. (2008) estimated ~25% pCO2 drop at the onset of the OAE 2 based on 
carbon isotopic composition of specific biomarkers. They suggest that pCO2 values pre- 
and post-OAE 2 were ~1300 ppmv and drop to ~1000 ppmv during the event.  
Increased emissions of CO2, elevated temperatures, and expansion of shallow epeiric 
seas during late Cenomanian led to enhanced hydrological cycle and hence weathering 
intensity.  Measured lithium isotope ratio of three marine carbonate sections spanning the 
C/T boundary in Europe showed a rapid decrease in the δ7Li values just at or immediately 
prior to the δ13C positive excursion (Pogge von Strandmann et al., 2013). This decrease in 
δ7Li values suggest a consumption of a third of the emitted CO2 was through silicate 
weathering by the end of the OAE 2. Increased surface runoff into the ocean may have 
introduced nutrients to phytoplankton which consequently increased organic matter 
production. Enhanced surface runoff may also have amplified water column stratification 
especially in the epicontinental seas allowing better condition for OC preservation.  
3.2.3. Climatic feedbacks in a greenhouse world 
3.2.3.1 Black shale deposition and Carbon Isotope Excursion 
One of the most prominent features of the OAE 2 is the deposition of widespread 
organic-rich sediments (black shale). However, it is still a matter of debate whether 
137 
 
enhanced preservation or increased productivity was the ultimate cause for this organic 
carbon accumulation. Several feedback scenarios have been proposed to explain how 
increased volcanic activity would enhance black shales preservation in the geological 
record.  One such mechanism is increased submarine and suberial volcanic activity that 
would emit large amount of CO2 that would consequently deplete dissolved oxygen 
through reactions with trace metals and sulphides in hydrothermal fluids (Fig. 3C; Kerr, 
2008; Jenkyns et al., 2010). The consumption of large amount of oxygen would lead to 
increased preservation potential of organic matter on the sea floor. Other feedback 
mechanisms involve increased primary productivity in surface of the oceans either 
through the release of biologically limiting elements or through increased nutrient flux 
(Fig. 3C; Kerr, 2008; Jenkyns, 2010).  
Tracking the timing of black shale deposition associated with the OAE 2 positive δ13C 
excursion profile in different regions shows that deposition of these organic-rich 
sediments began at the marginal regions of the southern parts of the North Atlantic and 
WIS of North America (Type I and Type II) and later spread to northern parts of North 
Atlantic and Tethys Sea (Type III) (Kuroda and Ohkouchi, 2006). Indeed, TOC data from 
sections spanning the C/T boundary at the eastern side of the WIS of North America may 
suggest that deposition of organic-rich sediments at this part of the basin began prior to 
the δ13C positive excursion.  However, similar sections in the Central and western side of 
the WIS suggest that TOC values increased significantly at the maximum plateau phase 
(e.g., Rock Canyon section, the C/T boundary GSSP), which suggests that these sections 
fall in the type III of black shale categories proposed by Kuroda and Ohkouchi (2006). It 
has been hypothesized that the δ13C positive excursion is a respond to increased burial of 
138 
 
organic carbon, which should suggest that accumulation of organic matter must have 
began at the onset of the carbon-isotope excursion. Consequently, Type II sections, which 
explain Strata of the Cenomanian-Turonian boundary is characterized by a significant 
positive shift in δ13C of organic carbon (4–6‰) and carbonate (typically ~2‰) (Figs. 7, 
8, 9; Scholle and Arthur, 1980; Pratt, 1984; 1985; Pratt and Threlkeld, 1984; Schlanger et 
al., 1987; Arthur et al., 1988; Pratt et al., 1993; Sageman et al., 1998, 2006; Erbacher et 
al., 2005; Jarvis et al., 2006, 2011). Distinct features in the carbon isotope profile provide 
a global chemostratigraphic framework for the OAE 2 (e.g., Pratt and Threlkeld, 1984; 
Tsikos et al., 2004). These include an initial positive excursion associated with the basal 
Sciponoceras gracile Zone, labeled (A), a marked drop “notch” in the isotopic values few 
centimeters below limestone Bed 77, labeled (B), and a rapid and broader increase 
spanning the topmost of the Sciponoceras gracile Zone to the topmost of the overlying 
Neocardioceras juddii Zone, labeled (c) (Fig. 7). Three distinctive positive peaks and six 
broader features are recognized in the Eastbourne section δ13Ccarb profile that permits 
correlation to the GSSP section δ13Corg profile at Rock Canyon, Colorado (Gale et al., 
1993, 2005; Paul et al., 1999). These positive spikes are peak 1, which is associated with 
the first build-up feature; peak 2 is associated with second build-up feature, and peak 3 
defines the top of the plateau interval (Fig. 8; Gale et al., 2005).  Tsikos et al. (2004) 
concluded that the two most striking features recognized in δ13C profiles they studied, 
including the C/T boundary GSSP are the onset of carbon excursion and the plateau of 
maximum δ13C values. Gale et al. (1993) proposed three peaks characterizes the δ13Ccarb 
excursion at Eastbourne that include peak (a) occurs at the top of Bed 3; peak (b) occurs 
at bed 8, and peak (c) around Meads Marl 6 (Fig. 8). These three peaks are also 
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recognized on the δ13Ccarb excursion in the C/T GSSP section in Pueblo, CO and these are 
associated with Bed 66 for the peak (I), Bed 81 for peak (II), and the base of Bed 85 for 
peak (III) (Fig. 7; Caron et al., 2007).  All these point values and fluctuation features 
characterize the δ13C along with biostratigraphical calibrations are proven to provide 
exceptionally high resolution correlation on a global scale (e.g., Tiskos et al., 2004; Gale 
et al., 2005; Jarvis et al., 2006).  
3.2.3.2 Intermittent cooling and/or oxygenation of seafloor 
It has been suggested that drawdown of pCO2 through deposition of organic-rich 
sediments (black shales) and increased silicate weathering during warm climate will 
eventually lead to cooling of the Earth’s atmosphere (e.g., Pogge von Strandmann et al., 
2013). Several lines of evidence suggest that the exceptionally warm period, began in the 
early Albian and culminated in the early Turonian with the Cretaceous 
thermal maximum, is punctuated by intermittent cooling events (Ando et al., 2009). One 
such event is a brief cooling event associated with OAE 2 might be the result of the 
extensive burial of δ13C depleted organic carbon (e.g., Jefferies, 1962; Gale and 
Christensen, 1996; Voigt et al., 2004; Forster et al., 2007; van Bentum et al., 2009, 2012; 
Barclay et al., 2010; Sinninghe Damste et al., 2010; Jarvis et al., 2011). 
Influx of faunal assemblages with Boreal affinities into mid-latitudes during OAE 2 
indicates southward spread of cooler northern surface waters during the Late Cenomanian 
(e.g., Christensen et al., 1990; Kuhnt et al., 1986; Gale and Christensen, 1996; Jarvis et 
al., 2011). The recovery of north Boreal belemnites from the late Cenomanian Plenus 
Marls of the Anglo-Paris Basin indicates a cool climatic phase punctuated a general 
warming trend across the C/T stage boundary (Gale, 1990, 1995). This cool climatic 
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phase has been called the “Plenus Cold Event” by Gale and Christensen (1996) and it 
corresponds closely with a significant shift to high δ18O values in sections spanning the 
C/T boundary at Boreal and Tethyan realms (e.g., Pearce et al., 2009;  Jarvis et al., 2011). 
A brief episode of seafloor oxygenation during early stage of the OAE 2 characterizes 
different sites in the proto-North Atlantic including, Demerara Rise (Fig. 9; Friedrich et 
al., 2006; van Bentum et al., 2009) and Tarfaya Basin, Morocco (Kuhnt et al., 2004; 
Wagner et al., 2004; Keller et al., 2008), and WIS of North America (Eicher and 
Worstell, 1970, Leckie, 1985; Eicher and Diner, 1985, 1989; Leckie et al., 1998; 
Elderbak et al., in preview) is synchronous with the Plenus Cold Event (e.g., Jarvis et al., 
2011).   
Based on a two independent paleotemperature proxies (TEX86 and δ18O) a significant but 
short-lived drop in SSTs is recorded shortly after the onset of the OAE 2 from equatorial 
Atlantic sites (Fig. 9; Forster et al., 2007a). This significant drop in SSTs (~4⁰C), 
observed in two equatorial sites (Demerara Rise and Cape Verde Basin), is believed to be 
synchronous with the Plenus Cold Event in NW Europe sections based on 
chemostratigraphic correlations (Forster et al., 2007a). Within the lower two-third of the 
OAE 2, a brief benthic foraminiferal repopulation event is recorded in three sites at 
Demerara Rise, which may relate to the drop in the SSTs in the region (Fig. 9; Friedrich 
et al., 2006). At this region, the shallower sites show greater abundance of benthic 
foraminifera than that of the deeper sites which may suggest better seafloor oxygenation 
for the shallower sites during the repopulation event.  
Similar trend of benthic foraminiferal repopulation has been recorded in surface and 
subsurface sections in Tarfaya basin (Luderer and Kuhnt, l997; Kuhnt et al., 2004; 
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Wagner et al., 2004; Keller et al., 2008). This benthic oxic zone coincides with the first 
peak in the δ13C profile and extends up to the base of Heterohelix shift event (Keller et 
al., 2008).  
In the WIS, the benthonic zone of Eicher and Worstell (1970) extends from few 
centimeters below the δ13C excursion to few centimeters below bed 77 (Fig. 7; Leckie, 
1985; Leckie et al; 1998; Elderbak and Leckie, in prep.). Benthic foraminiferal 
assemblages, mostly calcareous of southern affinities, rapidly occupied the seafloor in the 
central and eastern parts of the seaway that was completely lacking in benthic 
foraminifera (Eicher, 1969; Eicher and Worstell, 1970; Leckie, 1985; Eicher and Diner, 
1985; Leckie et al., 1998; Elderbak and Leckie, in prep.).  
3.3.  Selected sites:  
3.3.1 Rock Canyon section 
The Rock Canyon section (RC) is located in south central Colorado near the city of 
Pueblo and it is the C/T boundary GSSP, which is one of the best documented stage 
boundaries (Fig. 7). Based on many and diverse stratigraphic markers, the RC section has 
provided a well-constrained and high-resolution biostratigraphic and chemostratigraphic 
framework allowing extremely precise and widespread correlations (Fig. 7). 
Biostratigraphic framework for the rocks spanning the C/T boundary at the GSSP section 
includes detailed ammonite zonation (Cobban and Scott, 1972, Cobban, 1985; Elder, 
1985; Kennedy and Cobban, 1991; Kennedy et al., 1999, 2000), key inoceramid bivalve 
ranges (Kennedy & Cobban, 1991; Elder, 1991; Walaszczyk & Cobban, 2000), 
calcareous nannofossils (Watkins, 1985; Bralower, 1988), organic-walled dinoflagellate 
cyst (Courtinat, 1993; Li and Habib, 1996; Dodsworth, 2000), and foraminifera (Eicher 
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and Worstell, 1970; Eicher and Diner, 1985; Leckie 1985; Leckie et al., 1998; Keller and 
Pardo, 2004; Keller et al., 2004; Caron et al., 2006; Elderbak and Leckie, in prep.).  
Stratigraphic profiles of carbon isotopic ratios in organic matter and carbonate for the 
strata spanning the C/T boundary in the RC section reveal a positive excursion, which is 
associated with the major oceanic anoxic event, OAE 2. The distinctive detailed features 
on the carbon and oxygen isotopic profiles for the C/T boundary GSSP section have 
become a powerful tool for regional and global stratigraphic correlation (e.g., Pratt and 
Threlkeld, 1984; Caron, 1985; Pratt et al,. 1993; Tsikos et al., 2004; Bowman and 
Bralower, 2005; Gale et al., 2005, Erbacher et al., 2005; Caron et al., 2006; Soua et al., 
2010). Because of post-deposition diagenesis associated with carbonate rocks, which 
alters the primary carbonate carbon-isotope signal, the isotopic composition of organic 
carbon reservoir is more reliable for stratigraphic correlation (Pratt and Threlkeld, 1984).  
The positive carbon isotope excursion associated with OAE 2 at this locality is spanning 
the uppermost Hartland Shale and lower Bridge Creek Limestone members of the 
Greenhorn Formation. This marks most of the transgressive systems tract of the 
Greenhorn third-order cycle (Kauffman, 1984, 1985; Kauffman and Caldwell, 1993; 
West et al, 1998; Tibert et al., 2003). In the Rock Canyon section, the upper subunit of 
Hartland Shale is composed of fine and evenly laminated black calcareous shales with 
sparse zones of micro-burrowed, marly shale (Sageman, 1989). The overlying Bridge 
Creek limestone is composed of alternating marlstones and limestone that extend laterally 
for over 1000 km allowing basin-wide correlation across the Colorado Plateau, Rocky 
Mountains, and Great Plains region of United States (Hattin, 1971; 1975; 1985; Cobban 
and Scott, 1972; Elder, 1985; 1987; Elder and Krikland, 1985; 1994; Elder et al., 1994; 
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Desmares et al., 2007).  
Interbedded with the C/T boundary rocks, at least four thick and regionally persistent 
bentonite beds, labeled A-D (Hattin 1971; 1985; Elder, 1985; 1988; Elder and Kirkland, 
1985) have provided important radiometric age dating (Obradovich and Cobban, 1975; 
Obradovich, 1993; Kowallis et al., 1995). A minor global stepwise extinction event 
among macrofauna characterizes the OAE 2 forming regional and global bioevent 
surfaces for correlations (Fig. 2; Kauffman, 1988; Elder, 1991; Sageman et al., 1997b). 
Sageman et al. (2006) and Meyers et al. (2012) developed an intercalibrated 
astrochronologic and radioisotopic time scale for the C/T boundary interval in a drill core 
(Portland Core) near the GSSP in Colorado, USA. This time scale placed the C/T 
boundary age at 93.90 (±0.15) Ma (Meyers et al., 2012). Here, the Bridge Creek 
Limestone begins 50 cm below the basel limestone Bed 63 as the productivity model 
suggests (Eicher and Diner, 1985; 1989; Leckie et al., 1998). 
The total organic carbon (TOC) values for the interval spanning the uppermost part of the 
Hartland Shale and the lower portion of the Bridge Creek Limestone up to the lowermost 
part of the N. juddii zone are generally very low < 1.0 wt% (Fig. 7; Pratt, 1984; Pratt et 
al., 1993; Sageman et al., 1997; Meyers et al., 2001; Caron et al., 2006).  A rapid increase 
in TOC values coincides with the second peak in the δ13C excursion in the middle of the 
N. juddii Zone with a maximum value of 5.2 wt% at the base of Bed 85 or at just below 
the third peak (C) in the Portland Core and Rock Canyon δ13C profiles. Consequently, 
TOC values decrease significantly up to the base of Bed 96 and the values at this interval 
range between 0 -1.7 wt%. From bed 96 to bed 108, TOC values fluctuate and sometimes 
exceed 5 wt% (Sageman et al., Caron et al., 2006). In general, TOC values are a function 
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of the sediment type, high values are associated with shale beds whereas, and low values 
are associated with limestone beds (Fig. 7).   
Utilizing sedimentological, paleontological, and geochemical data, various studies 
including numerical models have revealed the complexity of the prevailing climatic and 
oceanographic conditions of the mid-Cretaceous WIS (e.g., Frush and Eicher, 1975; 
Lloyd, 1982; Parrish et al., 1984; Elder, 1988, 1989; Leckie et al., 1991; 1998; Jewell, 
1993; Fisher et al., 1994; 2003; Hay et al., 1993; Hay Slingerland et al, 1996; West et al., 
1998; Slingerland and Keen, 1999; Fisher and Arthur, 2002; Fisher, 2003; Elderbak et al., 
in review). These studies suggested that the central part of the WIS was characterized by 
a warm and humid subtropical climate and resulted in different scenarios for water mass 
distribution and interactions. 
For example, Hay et al. (1993) proposed three scenarios for the mixing of southern and 
northern water masses in the WIS. One such scenario is the convergence of these two 
water masses along an oceanic front that form a third denser water mass that sinks and 
flows toward the open ocean (Fig. 10A). Utilizing constraints from atmospheric general 
circulation models, Slingerland et al. (1996) suggested a quasi-estuarine circulation for 
the early Turonian WIS demonstrated as a counterclockwise gyre (Fig. 10C). Surface 
runoff from both margins of the WIS causes surface-water to incline toward the basin 
center.  However, the Coriolis force deflects these waters to the right allowing them to 
move as coastal jets northward and southward along the eastern and western margins of 
the basin, respectively. Subsequently, surface waters of the Tethyan and Boreal meet and 
mix to form a denser third water mass that sinks, splits, and return to the open ocean. The 
strength of the gyre is controlled by the difference between the amount of precipitation 
145 
 
and evaporation (P – E) as well as by changes in the sill depth on both ends of the seaway 
(Slingerland et al., 1996; Kump and Slingerland, 1999). Under constant solar insulation 
values, the two strongest driving forces of this type of gyre circulation are the surface 
runoff and meridional temperature gradients (Kump and Slingerland, 1999).  Changes in 
the amount of surface runoff during the precession cycle (Floegel et al., 2005) and/or 
changes in solar insolation (Glancy et al., 1993) may have significantly affected climate 
and the sedimentation patterns in the WIS.  Slingerland’s model explained the 
mechanism by which the Tethys water mass advanced into WIS, but failed to produce 
widespread organic-rich strata or water-column stratification because of rapid mixing of 
the water column (Fisher, 2003). Arthur and Sageman (2004) suggested that the 
deposition of organic-rich strata was the result of increasing sill depth, as sea-level 
transgressed and estuarine circulation that forced nutrient-rich deep water into the basin 
fueling surface water primary production.  
Leckie et al., (1998) proposed a paleoceanographic circulation model for the WIS based 
on detailed study of foraminifers and clay mineralogy of the shale and marl intervals 
from three localities. These three sites represented a transect across the southwestern side 
of the seaway and they indicated that southern and northern waters met along an oceanic 
front that may have been shaped by a forebulge (Fig. 10D). The model suggests that a 
warm, normal salinity water mass dominated the southern and eastern parts of the seaway 
and a cool, relatively low salinity water mass dominated the northern and western parts of 
the seaway. They suggest similar north-flowing surface water masses in the foredeep at 
Laholi Point (LP) and the central axis of the WIS at Rock Canyon (RC), based on 
similarities in planktic foraminiferal assemblages and clay mineralogy content. However, 
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these two sites contain different benthic foraminiferal assemblages; specifically, the LP 
benthics are typical of northern assemblages and the RC benthics typify southern 
assemblages. These observations suggest a stratified water column for the foredeep along 
the southwestern side of the seaway. 
Based on detailed study of foraminiferal assemblages from limestone and marlstone beds 
of the Bridge Creek Limestone and its equivalents in different site, Elderbak and Leckie 
(in prep.) proposed two general models, each of which is characterized by strong and 
weak gyre modes, to explain the deposition of the rhythmic bedding cycles of the Bridge 
Creek Limestone (Fig. 11). These two models invoke the slingerland’s model or the 
estuarine model (EST), which suggests the formation of a counterclockwise gyre within 
the seaway that basically explains the deposition of the widespread limestone beds of the 
Bridge Creek Limestone. In addition, they suggested that the counterclockwise gyre in 
each of these two models runs with different force or motor.  
For the lowermost part of the Bridge Creek Limestone that lies within the S. gracile 
Zone, the motor of the gyre was the Precipitation – Evaporation gradient (P-E). They 
suggest that climate at the middle of the seaway was generally dry and surface runoff 
from both margins was low. At this stage, the limestone beds were deposited when the 
gyre is strong and the marlstone beds were deposited when the gyre is weak as the (P-E) 
gradient was high or low, respectively. They suggest that changes in the calcareous 
plankton production in the GoM is responsible for the rhythmic bedding cycles of the 
Bridge Creek Limestone as the productivity model of Echier and Dine (1985) predicted. 
Therefore, limestone beds represent increased calcareous plankton shell production and 
marlstone beds represent decrease in the calcareous plankton shell production.  
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For the rest of the Bridge Creek Limestone (above the S. gracile Zone), the motor that 
drove the gyre was the surface runoff from both margin as Slingerland’s model initially 
proposed. Dramatic change in the climate within the seaway from generally dry to mostly 
wet allowed a high surface runoff from both margins of the seaway. Increased surface 
runoff from both margins created a strong counterclockwise gyre that allowed the 
deposition of limestone beds of the Bridge Creek Limestone. Despite high input of 
detritus material during increased surface runoff, the strong gyre diverts these materials 
away from the basin center and allows the deposition of limestone beds. On the other 
hand, reduced surface runoff from both or either margins of the seaway weakened the 
gyre, which would allow detrital materials to reach the basin center and allow the 
deposition of marlstone beds of the Bridge Creek Limestone. At this stage, change in 
detritus materials input into the basin is responsible for rhythmic bedding cycle’s 
formation.   
3.3.2 Demerara Rise Leg 207 site 1620 
Located at ~5⁰N along the coast of Suriname and French Guyana, the Demerara Rise is a 
submarine plateau stretches northward and gently dips towards the abyssal plain (Fig. 4; 
e.g., Erbacher et al., 2004, 2005). The northeastern margin of the plateau is a gentle ramp 
that reaches depths of 3000 to 4000 m. This ramp is covered by nearly homogeneous 
pelagic sediments overlying Precambrian to Early Mesozoic continental crust. In order to 
recover these relatively shallow Cretaceous and Paleogene sediments, Ocean Drilling 
Program (ODP) successfully drilled 13 holes in five sites (1257 -1261).  
At depth of 2549 meters below sea level (mbsl), two rotary core barrel holes (A, B) were 
drilled in site 1260  (Erbacher et al., 2004). The C/T strata at this site were deposited at 
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intermediate water depths but below the storm wave base, which consist mainly of 
laminated black shales interbedded with silt- to sand sized carbonate particles (Fig. 9; 
Forster et al., 2007b). The Organic matter is mostly marine derived characterized by high 
TOC Values up to 20 wt%, but thermally immature (Erbacher et al., 2004; Meyers et al., 
2006). High sulphur content and elevated trace element enrichments in the organic matter 
at this locality suggests an excellent preservation conditions that may have required a 
euxinic depositional environment (Erbacher et al., 2004; Hatzel et al. 2009).   
High-resolution δ13Corg data recorded across the late Cenomanian to early Turonian from 
site 1260 clearly shows the positive excursion (~6‰) defines the duration of the OAE 2 
(Fig. 9; Erbacher et al., 2005). The OAE 2 at this site is represented by a 1.4 m thick 
interval (424.4 to 425 mcd) suggesting that the event is condensed at this locality 
(Erbacher et al., 2005). However, the δ13Corg profile is characterized by a number of 
features that nicely correlate to other concurrent regional and global δ13Corg profiles. 
These features include, the onset of the δ13Corg excursion labeled as A, a first beak value 
C, second peak value (maximum values) D, and a short positive peak during the general 
decrease of the isotope values labeled E (Erbacher et al., 2005). Nevertheless, a short but 
distinctive peak followed by a short trough of 3‰ marked as B have been recognized in 
other sites δ13Corg profiles in the region is missing in the site 1260 which may suggest a 
short hiatus (Erbacher et al., 2005).  
Due to very poor preservation and/or missing of marker species of planktic foraminifera 
in many black shale samples, the C/T boundary at site 1260 was only tentatively defined 
(Erbacher et al., 2004). High-resolution biostratigraphic analysis of calcareous 
nannofossils at this locality were preformed on strata spanning the C/T boundary and 
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resulted in establishing of eight important bioevents (Fig. 9; Hardas and Mutterlose, 
2006). These include from old to young,  the LO of C. kennedyi, FO of C. biarcus, LO of 
A. albianus and FO of Q. gartneri, FO of Q. intermedium, FO of E. octopetalus, FO of E. 
eptapetalus, and FO of E. eximius. In general, nannofossils preservation in site 1260 is 
very poor during the OAE 2 which may have caused a significant shift of the FO of Q. 
gartneri when compared to other nearby sites (Hardas and Mutterlose, 2006).  
Friedrich et al. (2006) studied benthic foraminifera in this site and found that the 
assemblages are dominated by species tolerant of oxygen deficiency and high organic 
matter influx (Fig. 9). Prior to the onset of the OAE 2, benthic foraminiferal assemblages 
suggest prevailing anoxic conditions which is opposite to the conditions in the deeper 
nearby sites that reflect a more oxygenated seafloor. This may suggest that site 1260 was 
under the influence of OMZ (Friedrich et al., 2006). However, during OAE 2, the OMZ 
intensified and reached even deeper parts of the basin spreading anoxia, which may have 
been the result of increased surface water primary productivity.  Geochemical data 
suggest not only anoxic conditions but also temporarily occurrence of euxinic conditions 
at this site during OAE 2 (Hatzel et al., 2009). A short-lived repopulation of benthic 
foraminiferal assemblages occurred in the relatively shallow and deep sites at Demerara 
Rise within the lower third of the OAE 2 may suggest a short-lived breakdown of the 
OMZ (Fig. 9). This significant bioevent coincides with a prominent decrease in SST at 
Demerara Rise as recorded on two independent, δ18O and TEX86 paleotemperature 
proxies (Friedrich et al., 2006; Forster et al., 2007b). Just as the positive δ13C excursion 
terminated, increased abundance of benthic foraminiferal assemblages indicates 
oxygenation of the seafloor, which may have been due to influx reduction of organic 
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matter and/or to breakdown of the OMZ (Friedrich et al., 2006). The benthic 
foraminiferal repopulation event within the OAE 2 is likely equivalent to the Benthonic 
Zone in the WIS, suggesting a strong perturbation in the paleoceanographic and 
paleoenvironmental systems (Frierich et al., 2006).  
The sediment record of the ƐNd(t) reflects the region in which the watermass was formed 
(Macleod et al., 2011). In site 1260 at Demerara Rise, the ƐNd(t) record showed ~8% 
positive excursion associated with the OAE 2 indicating a significant paleoceanographic 
and/or paleoenvironmental change (Fig. 9). The background nonradiogenic ƐNd(t)  values 
pre-and-post the OAE 2 suggest formation of a local deep watermass (DBM) (Pucéat, 
2008).  
3.3.3 Eastbourne Section, Sussex, England 
The ~13m-thick Eastbourne section is an extended C/T boundary interval, located along 
the seashore cliffs between Beachy Head and Eastbourne, Sussex, England (Fig. 4; 
Jefferies, 1962, 1963; Gale et al. 1993, 2005; Paul et al. 1999). The succession is 
composite of alternating calcareous mudrocks and chalks (Fig. 8). The section is divided 
into three unites, the sub-Plenus Marls chalks (Grey Chalk), the Plenus Marls members of 
the Lower Chalk Formation, and the White Chalk Formation (Ballard Cliff and Holywell 
members). The Grey Chalk Member is rhythmically bedded marly chalks capped by a 
burrowed erisional surface at the top interpreted as sequence boundary (Gale, 2005). The 
overlying Plenus Marls Member represents clay-rich interval that has been divided into 
eight (1-8) beds characterized by a distinctive fauna and lithology (Fig. 8; Jefferies, 1961, 
1963) and can be correlated throughout the Anglo-Paris Basin. The White Chalk 
Formation is subdivided into three distinct members, the Ballard Cliff Member, the 
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Holywell Member and the New Pit Member (Gale, 1996; Paul et al., 1999). The Ballard 
Cliff Member is 4.7 m-thick consist of nodular chalks with abundant chalk interclasts and 
six well-defined marls (Meads Marls of Mortimore, 1986). The base of the Turonian is 
placed at the base of Meads Marl 4 which coincides with the base of the ammonite W. 
devonense Zone (Fig. 8; Gale et al., 2005). The overlying remaining 15.7 m of the 
Eastbourne section belongs to the Holywell Member consisting mainly of pure white 
chalk with few interclastic chalk beds (Gale, 1996).  
Biostratigraphic framework for the rocks spanning the C/T boundary at the Eastbourne 
section includes detailed ammonite and inoceramid bivalve distribution (Mortimore, 
1986; Gale et al., 1993, 2000, 2005; Paul et al., 1999), planktic foraminifera (Paul et al., 
1999; Keller et al., 2001), organic-walled dinoflagellate cyst (Pearce et al., 2009), 
nannofossils and ostracoda (Paul et al., 1999). Two calcareous nannofossil zones have 
been recognized in the section, the Eiffellithus turriseiffelii Zone and Quadrum gartneri 
Zone (Paul et al., 1999). Planktic foraminiferal assemblages of the C/T strata at 
Eastbourne section allowed the distinction of three foraminiferal zones, the Rotalipora 
cushmani Total Range Zone, Whiteinella archaeocretacea Zone, and 
Helvetoglobotruncana helvetica Zone (Keller et al., 2001). Further division of the W. 
archaeocretacea Zone into three subzones allows high-resolution correlation among C/T 
sections (Keller et al., 2001).  
The positive δ13Ccarb excursion associated with OAE 2 at this locality spans the Plenus 
Marls Member of the Lower Chalk Formation and lower part of the Holywell Chalk 
Member of the White Chalk Formation (Fig. 8; Paul et al., 1999; Keller et al., 2001; Gale 
et al., 2005; Jarvis et al., 2011). Gale et al. (1993) proposed that three peaks characterize 
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the δ13Ccarb at the Eastbourne section that can be utilized for basinwide correlation. The 
first peak (‘a’, 4.8‰) occurs close to the top of Plenus Marls Bed 3, the second peak (‘b’, 
5.4‰) occurs at the top of Plenus Marls Bed 8, and the third peak (‘c’, 5.1‰) around 
Meads Marl 6 of the Ballard Cliff Member (Fig. 8). The δ13Ccarb at Eastbourne is well-
constrained by micro-and macrofossil biostratigraphic datum levels allowed detailed 
correlation with the Cenomanian-Turonian boundary GSSP (Fig. 8; Gale et al., 1993, 
2005, 2008; Keller et al., 2001). Due to extremely low TOC values (<0.2 wt %) in the 
Eastbourne section, δ13Corg record was only established for the lower part of the Plenus 
Marls interval (Bed 1 to Bed 6), and which shows little similarity with the δ13Ccarb profile 
(Tsikos et al., 2004). Gale et al. (2005) were able to produce δ13Corg curve spans the 
duration of OAE 2 that shows some similarities and differences with the δ13Ccarb Curve 
(Fig. 8).  
3.4.  Discussion 
Utilizing the well-constrained biostratigraphic and chemostratigraphic frameworks for the 
C/T GSSP section at Pueblo, Colorado and the European reference section for the same 
interval of the Eastbourne section at Sussex, UK, several authors have attempted to 
establish the best-fit high-resolution correlation between the two important sections (Gale 
et al, 1993, 2005, 2008; keller et al., 2001, 2004; Tsikos et al., 2004). Macrofossils are 
rarely recovered from offshore core material which is the case here for the site 1260 at 
Demerara Rise. Consequently, only the Rock Canyon and Eastbourne sections will be 
discussed regarding their similarities and differences in the ammonites and inoceramid 
bivalves. On other hand, microfossils such as calcareous nannofossils, dinoflagellates, 
and foraminifera are widespread and provide a better tool for cross basin-correlations. 
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3.4.1 Biostratigraphy 
3.4.1.1. Macrofossils 
Abundant and diverse ammonite and incoeramid bivalves characterize the C/T boundary 
strata at the Rock Canyon and Eastbourne sections, which added biostratigraphic 
significance to these reference sections for regional correlations (Fig. 7). However, 
utilizing ammonite and incoeramid bivalves for global correlations is complicated by the 
restricted distribution pattern of key species (Cobban, 1984; Elder, 1987; Hancock, 1989; 
Kennedy and Cobban, 1991; Hardenbol et al., 1993). Nevertheless, some cosmopolitan 
ammonite and inoceramid bivalve assemblages in the C/T boundary strata facilitate 
calibration between basins in different paleogeographic settings. The macrofossils of C/T 
GSSP section and the Eastbourne section have been studied and revised several times to 
finally result in a well-constrained biostratigraphic scheme we utilize today.  
3.4.1.2.1 Ammonites 
Based on ammonites, the definition of the boundary between Cenomanian and Turonian 
stages should adopt as much as possible to the reviews made by d'Orbigny's (Kinnedy et 
al., 2005). Therefore, the upper Cenomanian in the Eastbourne section is represented by 
Metoicoceras geslinianum and Neocardioceras juddii zones, whereas the lower Turonian 
is represented by Watinoceras coloradoense, Fagesia catinus, and Mammites nodosoides 
zones (Fig. 8; Wright & Kennedy, 1981; Gale et al., 2005). In the Rock Canyon section, 
however, the upper Cenomanian is represented by the Sciponoceras gracile and 
Neocardioceras juddii zones, and the lower Turonian is represented by the Watinoceras 
coloradoense, Pseudaspidoceras flexuosum, Vascoceras birchbyi, and Mammites 
nodosoides zones (Fig. 7; Caron et al., 2006).   
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The upper Cenomanian M. geslinianum Zone in NW Europe is equivalent to the S. 
gracile Zone in the WIS and both share similar elements. These include Calycoceras 
naviculare, Metoicoceras geslinianum, Sciponoceras gracile, Pseudocalycoceras 
angolaense, and Euomphaloceras septemseriatum. The first occurrence (FO) of the 
ammonites species M. geslinianum and E. septemseriatum, for example, in the Rock 
Canyon and Eastbourne sections is nearly equivalent and provided high-resolution 
biostratigraphic significance between the two sections (Gale et al., 2005).  In the Rock 
Canyon section, the M. geslinianum has a short occurrence interval, its FO is recorded at 
the base of Bed 63, and LO in Bed 67 (Fig. 7; Kennedey et al., 2000, 2005). In the 
Eastbourne section, on other hand, the M. geslinianum has a longer range where its  FO is 
recorded in Bed 3 of the Plenus Marls, and LO in Bed 9 of the overlying Ballard Cliff 
Member of the Middle Chalk Formation (Fig. 8; Gale et al., 2005). In other parts of the 
Anglo-Paris Basin, earlier FO of the M. geslinianum has been reported, which coincides 
with Bed 1 of the Plenus Marls (Jefferies, 1961). In addition, the FO of E. 
septemseriatum in Bed 67 of the Rock Canyon section correlates to its FO in Bed 7 of the 
Pleans Marls at Eastbourne section. The concurrent of the M. geslinianum and also 
concurrent of E. septemseriatum at both sections has provided an important datum for 
intercontinental correlation (Gale et al., 2005). 
Beds 4-6 in the Plenus Marls of the Eastbourne section are characterized by a short-lived 
influx of Boreal ammonite fauna that include Praeactinocamax, Lyropecten arlesiensis, 
and Oxytoma seminudum (Jefferies, 1963; Gale and Christensen, 1996). This “Plenus 
Cold Event” is supported by detailed oxygen isotope data that show a coincident δ18O 
positive shift of nearly 2‰ (Fig. 8; Gale and Christensen, 1996; Gale et al., 2005). Based 
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on bed by bed correlation between the Rock Canyon and Eastbourne sections, the 
equivalent interval to the Plenus Cold Event in the Rock section brackets from the base of 
Bed 64 to the top of Bed 67 within the S. gracile Zone (Gale et al., 2005). This interval is 
characterized by increased influx of warm-water taxa that represent significant changes 
of watermasses resulting from transgressive pulse and northward migration of warm 
temperate to subtrobical biotas into the WIS (Elder, 1991). This biotic influx is more 
pronounced in the limestone beds because identifiable ammonites are generally restricted 
to the limestone beds, which is reflected in defining the bases of ammonite zonal 
boundaries (Kennedy and Cobban, 1991). Molluscan fossils associated with S. gracile 
include the bivalves Inoceramus pictus, Pycnodonte newberryi, and Exogyra levis 
(Kennedy and Cobban, 1991). Furthermore, the presence of gastropods and large and 
small echinoids in both limestone beds 67 and 73 suggest a warm, normal marine salinity 
watermass. In fact, limestone Bed 67 contains the most diverse macrofossils assemblages 
in the Bridge Greek Limestone beds (Kennedy and Cobban, 1991). Similar to the 
Eastbourne section, the δ18C data from the Rock Canyon section suggests a slight cooling 
episode, following a significant warming episode, coincides with the influx of the 
subtropical fauna into WIS (Fig. 7). The southward influx of Boreal fauna in NW Europe 
region coincides with a northward influx of warm temperate to subtropical biotas into the 
WIS.  
The N. juddii Zone in both sections defines the end of Cenomanian stage boundary. In the 
Rock Canyon section, the interval zone spans the upper shale subunit in bed 78 to the top 
of limestone Bed 84 (Fig. 7; Kennedy and Cobban, 1991). Caron et al. (2006) called the 
63 cm-thick Bed 85 the “C/T precision interval” because it contains no ammonites, which 
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make it undated interval sandwiched between the top of the latest Cenomanian N. juddii 
Zone and the base of the earliest Turonian W. devonense Zone. They suggested that Bed 
85 may be equivalent to the Nigericeras scotti Zone of Kennedy and Cobban, 1991 that 
has been well-defined in the Pritchett section, located 170 km southeast of Pueblo, 
Colorado. However, Kennedy and Cobban (1991) suggested that N. scotti-bearing 
limestone bed of the Pritchett section is represented by a slightly more calcareous subunit 
in Bed 83 at Rock Canyon section.  
The FO of the zone marker species N. juddii is recorded in Bed 79 and the LO is recorded 
in Bed 84 (Kennedy et al., 2005). In the Eastbourne section, the base of the N. juddii 
Zone is defined at 1 m above the base of the Ballard Cliff Member of the White Chalk 
Formation and its top at Meads Marl 4 (Fig. 8). In the Rock Canyon section, the 
assemblages of N. juddii Zone are characterized by low diversity of poorly preserved 
ammonites. At the Eastbourne section, however, the zone assemblages are slightly more 
diverse. Both sections share only two element zonal assemblage, the zonal marker (N. 
juddii) and Euomphaloceras costatum. Gale et al. (2005) suggested that the FO of N. 
juddii in the Eastbourne section is correlative to its FO in limestone Bed 79 in the Pueblo 
section. However, they suggested minor discrepancies in the range of the zonal taxa 
between the two sections, which may have been due to local variations in taphonomic 
processes or variations in the occurrences and ranges of individual species from locality 
to locality.  
The earliest Turonian W. devonense Zone is defined by the FO of W. devonense and FO 
W. cf. amaduriense in the Rock Canyon and Eastbourne sections, respectively. The W. 
devonense is the key stratigraphic marker for the Turonian stage boundary (Bengtson, 
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1996). In the Rock Canyon section, the W. devonense Zone extends from the base of 
limestone Bed 86, which records the FO of the marker species, to the base of limestone 
Bed 90 (Fig. 7). In the Eastbourne, the W. devonense Zone extends from the Meads Marl 
4 to just few centimeters above the Holywell Marls 2 (Fig. 8). The zone assemblage in 
the Rock Canyon section is slightly more diverse than that of the Eastbourne section. In 
the Rock Canyon section, the elements of W. devonense Zone are represented by W. 
devonense, W. praecursor, W. depressum, Quitmaniceras reaseri, Allocrioceras 
larvatum, and Hamites cimarronensis; whereas, the zonal assemblage in Eastbourne is 
represented by W. cf. amudariense, Cibolaites sp., and Thomelites serotinus (Gale et al., 
2005). Therefore, the lower boundary of the W. devonense Zone in both sites is defined 
on the bases of FO of the ammonites Watinoceras spp (Kennedy et al., 2005).  
The short-lived assemblage-zone P. flexuosum Zone in the Rock Canyon section extends 
from the base of limestone Bed 90 to the base of limestone bed 97, which is referred to as 
the ammonite bed (Fig. 7; Cobban, 1985; Kennedy and Cobban, 1991; Caron et al., 
2006). The zonal assemblage is represented by Baculites yokoyamai, Puebloites sp., 
Vascoceras angermanni ?, and Watinoceras ? sp. (Cobban, 1985; Kennedy et al., 1991). 
In the Rock Canyon section, the zonal marker species P. flexuosum is only found in 
limestone Bed 97, which has been placed in the next ammonite Zone V. birchbyi 
(Kennedy and Cobban, 1991; Caron et al., 2006). The V. birchbyi Zone extends from the 
base of limestone Bed 97 to the base of limestone Bed 101. Kennedy and Cobban (1991) 
suggested that the P. flexuosum and V. birchbyi ammoniate zones are in part coeval 
because they share a number of common species. The equivalent ammonite zone to these 
two zones in the Eastbourne section is the Fagesia catinus Zone (Gale, 1996; Paul et al., 
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1999), which extends from just few centimeters above Holywell Marls 2 to the level of 
the Compton Pebble Marl of Gale (1996) (Fig. 8). One common species at both localities, 
which may be of stratigraphic significance for correlation, is the F. catinus. The FO of 
this species in the Rock Canyon section is associated with limestone Bed 97 (Cobban, 
1985; Kennedy and Cobban, 1991; Kennedy et al., 2005) and its FO in the Eastbourne 
section is associated with a distinctive bed crowded with microcrinoid (Roveacrinus) 
debris which lies at 14.2 m above the base of the Middle Chalk (Gale, 1996; Gale et al. 
2005).  
The latest early Turonian M. nodosoides Zone is present at the Rock Canyon and 
Eastbourne sections. The base of the zone is defined at the FO of the cosmopolitan 
marker species M. nodosoides. In the Rock Canyon section, the base of the zone is drawn 
at the base of limestone Bed 101 and its top on the top of limestone Bed 118 (Fig. 7). In 
the Eastbourne section and more widely in southern England, the FO of the M. 
nodosoides is defined at the level of the Compton Pebble Marl, which lies 14.2 m above 
the base of the Middle Chalk in Eastbourne section (Gale et al., 2005). In the Rock 
Canyon section, the M. nodosoides Zone coincides with the Greenhorn maximum 
transgression, characterized by the most diverse Tropical and Subtropical macrofaunal 
elements within the cyclothem (Kauffman, 1984; Elder and Kirkland, 1985; Cobban, 
1985; West et al. 1998). In the Eastbourne section, the diversity of ammonites of the M. 
nodosoides Zone is slightly less than that of the Rock Canyon section (Wright and 
Kennedy, 1981; Kennedy and Cobban, 1991). In addition to the zonal marker species, 
both sections carry similar ammonite elements such F. catinus, Metasigaloceras 
rusticum, and Morrowites wingi.  
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3.4.1.2.2 Inoceramid bivalves   
In the Rock Canyon section, ammonites are associated with limestone beds of the Bridge 
Creek Limestone; however, inoceramid bivalves are most common in the most laminated 
shale beds (Elder, 1985).  Five inoceramid zones spanning uppermost Cenomanian and 
early Turonian are recognized in the Rock Canyon section; the Inoceramus pictus Zone, 
Mytiloides hattini Zone, Mytiloides puebloensis Zone, M. kossmati Zone, and M. 
mytiloides Zone (Kennedy et al. 2000, 2005). The record of inoceramid bivalves in the 
Eastbourne section, as most of the European sections, is ambiguous due to gaps and 
condensation characterizes the stratigraphic sections in the region (Kennedy et al., 2000; 
Gale et al., 2005). Gale et al. (2005) recorded a number of important inoceramid 
biostratigraphic events. In the Eastbourne section, the upper Cenomanian interval is 
represented by the partial range zone I. pictus Zone. The LO of the cosmopolitan marker 
species I. pictus in the Rock Canyon is limestone Bed 84, in the Eastbourne section, the 
index species has longer range and its LO is recorded at 0.2 m above Meads Marl 4 (Gale 
et al., 2005).  The base of the Mytiloides puebloensis in the Eastbourne section coincides 
with the FO of the index species M. puebloensis just few centimeters above the Meads 
Marl 4, which also records the FO of the Early Turonian ammonite index species W. 
devonense. Similar pattern has been observed in the Rock Canyon section where both M. 
puebloensis and W. devonense appear in limestone Bed 86 concurrently. In the 
Eastbourne section, the M. puebloensis Zone extends about 2.5 m from Meads Marl 4 to 
0.3 m below the Holywell Marl 1 (Gale et al., 2005). The M. puebloensis Zone in the 
Rock Canyon section extends from the base of limestone Bed 86 to the base of limestone 
Bed 90. In the Rock Canyon section, the short-lived uppermost Cenomanian Mytiloides 
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hattini Zone extends from the top of limestone Bed 84 to the base of limestone Bed 86. 
However, the FO of the index species M. hattini is recorded in the topmost part of 
limestone Bed 84 and its LO in the bottommost of limestone Bed 99 (Elder, 1985; 
Kennedy et al., 2005). The recent review of the inoceramid bivalve’s record in the 
Eastbourne section by Gale et al. (2005) confirms the absence of the M. hattini Zone in 
this locality.  
Due to the paucity of inoceramid bivalves in a 5-m interval within the lower portion of 
the Holywell Chalk Member, no inoceramids zone has been assigned for this interval 
(Gale et al., 2005). However, the identification of few specimens belongs to the M. aff. 
Mytiloides within this nearly barren interval as well as the occurrence of the same species 
just few centimeters below the Compton Pebble Marl bed suggests that this interval may 
belong to the M. kossmati Zone.  In the Rock Canyon section, the M. kossmati Zone 
extends from the bottommost of limestone Bed 90 to the base of the limestone Bed 105. 
Similar faunal elements such as M. labiatus and M. goppelenensis can be found in both 
sections. Kennedy et al. (2005) considered FO and LO of the marker species M. kossmati 
as an important event for defining the C/T boundary interval. In both sections, the 
occurrence of relatively abundant Mytiloides mytiloides in the lowermost ammonite 
Mammites nodosoides Zone suggests that M. mytiloides and M. nodosoides zones are 
nearly correlative (Kennedy and Cobban, 1991; Gale et al., 2005).  The FO of the 
cosmopolitan index species M. mytiloides in the Rock Canyon and Eastbourne sections is 
recorded at the base of limestone Bed 105 and a short distance above the Compton 
Pebble Marl, respectively. In the Rock Canyon section, increased abundance of 
inoceramid bivalves above the C/T boundary suggests better substrata conditions, which 
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may be the result of decreased sedimentation rate and/or increase current activity (Elder, 
1987).   
3.4.1.2 Microfossils  
Limited geographic distribution that characterizes several index taxa of ammonites and 
inoceramid bivalves across the C/T boundary minimizes the use of these groups of 
macrofossils for worldwide correlation (Cobban, 1984; Elder, 1987; Hancock, 1989; 
Kennedy & Cobban, 1991; Hardenbol et al., 1993; Jenkyns et al., 1994; Gale et a;., 
2005). In addition, difficulty to study macrofossil groups in core samples limits the use of 
this fossil group for correlation between basins. Alternatively, microfossils groups such 
as planktic foraminifera and calcareous nannofossils have better geographic distribution 
and proven to be of great significance in worldwide correlation among the C/T sections 
represent different geological settings (e.g., Jarvis et al., 1988; Hart and Leary, 1989; 
Paul et al., 1999; Keller et al, 2001; Gale et al, 2005; Caron et al., 2006).  While the 
sections in the WIS including the Rock Canyon section are characterized by continues 
carbonate deposition, most of NW Europe and deep-ocean sections are characterized by 
widespread hiatus or carbonate dissolution (Bralower et al., 1988).   
3.4.1.2.1 Nannofossils 
Calcareous nannofossils across the C/T boundary have been studied extensively in the 
Rock Canyon, Eastbourne, and site 1260 at Demerara Rise basin (e.g., Watkins, 1985, 
1986; Bralower, 1988; Paul et al., 1999; Hardas and Mutterlose, 2006). These studies 
allowed a detailed nannofossil zonation and biohorizones which allow accurate 
correlation of the studied sections that represent different geological settings. In addition 
to the importance of calcareous nannofossils as biottratigraphic tool, they are of a great 
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significance as proxies for paleoenvironmental and paleoceanographic interpretations.  
Preservation of nannofossils assemblages in the site 1260 at Demerara Rise is generally 
moderate to good, however, assemblages are better preserved pre-carbon isotope 
excursion (Hardas and Mutterlose, 2006). In the Rock Canyon section, preservation of 
nannofossils ranges from poor to moderate where most of the fossils assemblages show 
some degree of diagenetic alteration especially in the chalky limestone beds of the Bridge 
Creek Limestone (Watkins, 1985). Paul et al. (1999) suggested that the preservation of 
nannofossil assemblages in the Eastbourne section is poor as indicated by the degree of 
dissolution and overgrowth that characterize the assemblages. This is also supported by 
the high proportion of W. barnesae, which is less susceptible to dissolution.    
Several studies used the FO and LO of a number of species associated with the C/T 
boundary interval to establish progressively refined biostratigraphic zonation schemes 
(e.g., Bralower, 1988; Burnett, 1998; Luciani and Cobianchi, 1999; Nederbragt and 
Fiorentino, 1999; Hardas and Mutterlose, 2006). This is resulted in biostratigraphic 
schemes discrepancies. For example,  Calcareous nannofossils biostratigraphy for the C/T 
strata in the Rock Canyon section is represented by three assemblage zones, the A. 
albianus Zone, P. asper Zone, and E. floralis Zone (Bralower et al., 1988). The same 
interval at Eastbourne section is represented by two zones, the Eiffellithus turriseiffelii 
and the Quadrum gartneri Zone (Paul et al., 1999). According to the UC-biozonation 
scheme of Burnett (1998), the C/T boundary in the Demerara Rise site 1260 is 
represented by five biostratigraphic intervals, UC3e, UC4a-UC5a, UC5b, UC5c-UC6a, 
and UC6b-UC8 (Fig. 9; Hardas and Mutterlose, 2006). Regardless of the biostratigraphic 
scheme used, however, a number of biohorizons associated the FO and LO of key 
163 
 
calcareous nannofossils species proven to be of great significance in correlating different 
sections despite using different biostratigraphic schemes. These include, the LO 
Axopodorhabdus albianus, FO Quadrum intermedium, FO Quadrum gartneri, and 
Eprolithus octopetalus.  
One of the calcareous nannoplankton bioevents that appears to be very useful for 
biostratigraphic correlation is the LO of A. albianus. In the Rock Canyon section the LO 
of A. albianus is recorded between limestone beds 72 and 76, which lies above the first 
δ13C excursion (Fig. 7; Watkins, 1985; Bralower et al., 1988). Tsikos et al. (2004) 
confirm that the LO of A. albianus occurs at limestone Bed 73. Paul et al., (1999) 
recorded the LO of the A. albianus at the topmost of Bed Marl 1 of the Plenus Marls 
Member at Eastbourne section, which lies just below the first peak in the δ13C profile. A 
higher LO of A. albianus in the same section; however, has been reported by Tsikos et al. 
(2004) at bottommost of Bed Marl 7, which lies above first peak in the δ13C profile (Fig. 
8). Similarly, the LO of A. albianus is recorded just above the first peak in the δ13C 
profile in the site 1260 at Demerara Rise Basin (Fig. 9; Hardas and Mutterlose, 2006). 
The synchronicity of this biohorizone in the three distant sections provides reliable age 
determination for regional correlations.  
The FO of Q. intermedium is another correlative nannoplankon bioevent in the 
Eastbourne and site 1260 sections, but the species is absent in the Rock Canyon section. 
The FO of the Q. intermedium lies between beds Marl 4 and 5 at Eastbourne section, 
which lies just below the third peak in the δ13C profile (Fig. 8; Paul et al., 1999). In the 
site 1260 at the Demerara Rise, the FO of the Q. intermedium occurs just below the 
second peak in the δ13C profile. While the FO of the Q. gartneri is coincident with the Q. 
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intermedium in the site 1260 (Fig.9; Hardas, 2008), it is slightly higher in the Eastbourne 
section (Fig.8). In the Rock Canyon section, the FO of the Q. gartneri is recorded at the 
top of Bed 89 (Tsikos et al., 2004). Previously, Watkins (1985) reported that the FO of 
the Q. gartneri occurs between beds 85 and 89. Recently, Corbett and Watkins (2013) 
reported the FO of Q. gartneri at Bed 85 just few centimeters above the FO of the E. 
octopetalus (Fig. 7). The FO of Q. gartneri is considered the most important 
nannoplankton biohorizon to define the C/T boundary (Tsikos et al., 2004).  
The last important nannofossil biohorizon is the FO of the E. octopetalus, which is an 
early Turonian marker based on the Burnett (1998) biostratigraphic scheme. Corbett and 
Watkins (2013), however, reported the FO of this species at Bed 85 which placed it in the 
latest Cenomanian age. In the Eastbourne section, the FO of the E. octopetalus is 
recorded at Meads Marl 6, which forms the contact between the underlying Ballard Cliff 
and the overlying Holywell Chalk members of the White Chalk Formation (Fig. 8; Paul 
et al., 1999). In the site 1260 at Demerara Rise basin, the FO of the E. octopetalus is 
recorded just above the FO of the Q. gartneri in the lower Turonian interval (Fig. 9; 
Hardas and Mutterlose, 2006, Hardas, 2008). However, Burnett (1998) recorded FO of 
the E. octopetalus below the FO of Q. gartneri in her proposed biostratigraphic scheme. 
In general, these nannoplankton biohorizons are of great significance in establishing 
high-resolution correlation between distant C/T boundary intervals. Nevertheless, there 
are a number of differences between the results of different studies for the same sections 
that may be explained by different sample processing methods and rarity of these index 
taxa at both ends of their range.  
In addition to their significance in establishing biostratigraphic scheme and improving the 
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biostratigraphic resolution of the C/T boundary, calcareous nannofossil assemblages are 
utilized for paleoenvironments and paleoceanographic interpretations (e.g., Roth and 
Bowdler 1981; Thierstein 1981; Roth and Krumbach 1986; Watkins, 1986, 1989; Erba et 
al. 1992; Mutterlose 1992; Williams and Bralower 1995; Watkins et al. 1996; Burns and 
Bralower 1998; Paul et al. 1999; Eleson and Bralower, 2005; Hardas and Mutterlose, 
2007; Corbett and Watkins, 2013). For example, calcareous nannofossil assemblages can 
tell about surface water conditions including primary productivity. The proportion of 
species such as Biscutum constans and Zeugrhabdtus erectus in the total nannofossil 
assemblage corresponds to primary productivity fluctuations. Abrupt decrease in the 
proportion of the Biscutum constans has been recorded in upper part (Bed 7) of the OAE 
2 interval in Eastbourne section, which may indicate a decrease in nannoplankton 
productivity (Paul et al., 1999; Gale et al., 2000). This conclusion is also supported by 
applying the nannofossils productivity index (Zeugrhabdtus+Biscutum/Watznaueria), 
which also show similar trend as does the abundance of Biscutum constans (Gale et al., 
2000; Ebra et al., 2004). Within the OAE 2 interval in the site 1260, however, the 
proportion of Zeugrhabdotus erectus increased significantly and the proportion of the 
oligotrphic conditions indicator Watznaueria spp. decreased, which may suggest elevated 
primary productivity in the equatorial Atlantic (Hardas and Mutterlose, 2007).  
3.4.1.2.2 Foraminifera 
Foraminiferal assemblages of the C/T boundary strata have been studied extensively and 
resulted in a well-constrained foraminiferal biostratigraphic scheme. One of the most 
prominent features characterizes the C/T boundary strata is a significant biotic turnover 
associated with the OAE 2. This foraminiferal turnover event provided a number of 
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bioevents increased the resolution of regional and global correlations. In addition to the 
importance of foraminifera as biostratigraphic and chronostratigraphic tool, they are a 
powerful tool for interpreting paleoenvironments and paleoceanography.  While benthic 
foraminiferal assemblages can inform us about the conditions of the seafloor, planktic 
foraminiferal assemblages respond to the conditions of the upper water column. 
3.4.1.2.2.1 Planktic foraminifera 
Because of their widespread occurrence, Cretaceous planktic foraminifera are one of the 
most useful biostratigraphic tools for correlating strata. The C/T boundary strata span 
three planktic zones defined by Robaszynski and Caron (1995), the upper part of the 
Rotalipora cushmani Total Range Zone, Whiteinella archaeocretacea Partial Range 
Zone, and Helvetoglobotruncana helvetica Total Range Zone. No quantitative data   
about planktic foraminiferal assemblages of the C/T boundary strata in the site 1260 is 
available and therefore the site is not included in the comparison with other two sites. 
However, in the Rock Canyon and Eastbourne sections, the three foraminiferal zones are 
well-defined and established (Figs. 7, 8; e.g., Leckie, 1985, Leckie et al., 1998; Paul et 
al., 1999, Keller et al., 2001; Keller and Pardo, 2004; Caron et al., 2006). In the Rock 
Canyon section, the upper part of the R. cushmani Zone spans the upper part of the 
Hartland Shale and lowermost part of the Bridge Creek Limestone members of the 
Greenhorn Formation. The top of this zone is defined at the LO of the index species R. 
cushmani at ~ 1.0 m above the base of limestone Bed 63 (Fig. 7; Leckie, 1985). In the 
Eastbourne section, the upper part of the R. cushmani Zone spans the uppermost of the 
Grey Chalk and the half of the Plenus Marls members. In this locality, the LO of R. 
cushmani is recorded at middle of the Marl Bed 4 (Fig.8; Paul, et al., 1999). Within this 
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zone at both sites, the LO of R. greenhornensis is another important foraminiferal 
bioevent that have been proven to provide high-resolution widespread correlation datum. 
While the LO of R. cushmani and R. greenhornensis are coincident in the Rock Canyon 
section (Fig. 7; Leckie, 1985; Leckie et al., 1998; Elderbak and Leckie, in prep.), the LO 
of R. greenhornensis in Eastbourne precedes (at the top of Marl Bed 1) the LO of R. 
cushmani (Fig. 8; Paul, 1999; Keller et al., 2001).  
The base of the W. archaeocretacea PRZ is defined by the LO of R. cushmani, whereas 
the top of the zone is defined by the FO of the index species of the overlying 
foraminiferal zone Helvetoglobotruncana helvetica. The W. archaeocretacea PRZ in the 
Rock Canyon section spans the top of Bed 68 to the middle of Bed 102 (Fig. 7; Caron et 
al., 2006; Elderbak and Leckie, in prep.), whereas, in the Eastbourne section, the W. 
archaeocretacea Zone spans the middle of Marl Bed 4 to about 20 cm above Meads Marl 
4 (Fig. 8; Paul., 2001; Keller et al., 2001). The LO of the planispiral Globigerinelloides 
bentonensis is also recorded within the W. archaeocretacea Zone in both sections 
(Leckie, 1985; Leckie et al., 1998; Caron et al., 2006; Elderbak and Leckie, in prep.).   
The LO of G. bentonensis is recorded at Bed 70 in the Rock Canyon section (Leckie, 
1985) and at Marl Bed 6 in the Eastbourne section (Keller et al., 2001). The “Heterohelix 
shift event” of Leckie (1985) is another prominent and widespread foraminiferal event 
that has been recognized in different C/T boundary sections. The Heterohelix shift event 
in the Rock Canyon section is recorded at Bed 87 or LS5 (Fig. 7; Elderbak and Leckie, in 
prep.) and recorded at the top of the Marl Bed 8 of the Plenus Marls Member (Fig. 8; 
Keller et al., 2001).  Caron et al. (2006) suggested that the LO of the Anaticinella spp. is 
one of the most important indicators of the C/T boundary because it occurs within the 
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C/T precision interval in Rock Canyon and wadi Bahloul, Tunis sections. Keller et al. 
(2001) also reported the LO of Anaticinella spp. just few centimeters below the C/T 
boundary (Fig. 8; Gale et al., 2005).  
The early Turonian H. helvetica Zone is present in both sites and the base of this zone is 
defined by the FO of the index species H. helvetica. In the Rock Canyon section, the FO 
of this species has been revised several times, which is ranged from limestone Bed 86 to 
limestone Bed 103 (Eicher and Diner, 1985; Desmares et al., 2003; Keller and Pardo, 
2004; Caron et al., 2006; Elderbak and Leckie, in prep.). However, only Caron et al. 
(2006) and Elderbak and Leckie (in prep.) have a display of the species image, which 
suggest that the FO of H. Helvetica is Bed 102 according to Caron et al. (2006) (Fig. 7). 
The FO of H. Helvetica in the Eastbourne section is recorded  just few centimeters above 
Meads Marl 4 (Fig. 8; Keller et al., 2004). In the Rock Canyon section, this foraminiferal 
zone is also characterized by the appearance and reappearance of several keeled species 
that include Dicarinella algeriana, D. canaliculata, Marginotruncana sigali, M. 
marianosi (Caron et al., 2006).  
3.4.1.2.2.2 Benthic foraminifera 
Benthic foraminiferal assemblages are useful indicator of several paleoenvironmental 
parameters including water depth, salinity, and oxygenation (e.g., Phleger, 1951; Bandy, 
1956; Douglas and Woodruff, 1981; Culver, 1988; Bernhard, 1989; Murray, 1991, 1999, 
2006; Bernhard and Gupta, 1999). Similar to the modern benthic foraminifera, the 
distribution pattern of Cretaceous benthic foraminifera is influenced by a number of 
factors most important of which are the oxygen and food supply to the seafloor (Corliss 
and Emerson, 1990; Jorissen et al., 1995). While epifaunal benthic foraminiferal 
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morphotypes tend to occupy regions of high seasonal pulses of organic matter influx 
from the surface waters, infaunal morphotypes tend of occupy oxygen depleted 
environments.  
Benthic foraminiferal assemblages of the C/T boundary strata in the Rock Canyon section 
have been studied extensively and used effectively to interpret paleoenvironments 
conditions associated with the OAE 2 (Eicher, 1969; Eicher and Worstell, 1970; Leckie, 
1985; Leckie et al., 1998; Elderbak and Leckie, in prep.). In general, the strata spanning 
the C/T boundary in the Rock Canyon section is characterized by high dominance and 
low diversity benthic assemblages (Eicher and Worstell, 1970; Leckie, 1985; Leckie et al, 
1998; Elderbak and Leckie, in prep.). Within the OAE 2, however, a short-lived increase 
in the proportion and diversity of benthic foraminiferal assemblages suggests a dramatic 
paleoenvironmental and paleoceanography changes of the basin (e.g., Leckie et al, 1998). 
Eicher and Worstell (1970) called this event the “Benthonic Zone”, which has been 
recognized in different parts of the WIS and proven to be of biostratigraphic significance 
(Fig. 7; e.g. Leckie et al., 1998; Elderbak et al., in review). This foraminiferal bioevent 
extends from about 25 cm below limestone Bed 63 up to few centimeters below Bed 77of 
the Bridge Creek Limestone (Fig. 7; Leckie et al., 1998; Elderbak and Leckie, in prep.). 
Divers and relatively abundant mostly calcareous benthic foraminiferal assemblages 
equally characterize the limestone and marlstone beds of this interval (Elderbak and 
Leckie, in prep.). A brief benthic recovery is recorded at top of the S. gracile Zone and 
just below the Heterohelix shift event following distressed benthic assemblage at the top 
of the Benthonic Zone, which may be of biostratigraphic significance (Fig. 7). The 
infaunal specie Neobulimina albertensis dominates benthic foraminiferal assemblages 
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above the benthonic zone, but a short interval coincides with significant increase in TOC 
value where epifaunal Gavelinella dakotensis took over the niche (Fig. 7; Leckie et al., 
1998; Elderbak and Leckie, in prep.). This roughly synchronous “Gavelinella acme” 
event has also been recognized in southwestern and eastern parts of the WIS (Leckie et 
al., 1998; Elderbak et al., in review).    
The C/T boundary strata in the site 1260 are characterized by low diversity benthic 
foraminiferal assemblages (Fig. 9; Friedrich et al., 2006). Benthic foraminiferal 
assemblages in this site are generally dominated by low-oxygen tolerant and high organic 
matter influx species including N. albertensis and G. dakotensis. Prior to the onset of the 
OAE 2, benthic foraminiferal assemblages in site 1260 suggest anoxic conditions which 
are opposite to the conditions in the deeper nearby sites at Demerara Rise Basin that 
reflect a more oxygenated seafloor. This may suggest that site 1260 was under the 
influence of OMZ (Friedrich et al., 2006). In general, samples from below and above the 
OAE 2 in this site are characterized by either total absence or very low abundances of 
benthic foraminifera (Friedrich et al., 2006).  
During the OAE 2, a short-lived benthic foraminiferal increase reflected in high benthic 
foraminiferal number of 1116 individuals/g and diverse assemblage of 12 species per 
sample is recorded at 426 mcd (Fig. 9). This benthic foraminiferal repopulation event 
coincides with significant surface water cooling in the same site as indicated by TEX86 
and δ18O of excellently preserved planktic foraminifera (Fig. 9; Forster et al., 2007). It 
might be also equivalent to the benthonic zone in the WIS and to the Plenus Cold Event 
in NW Europe sections (Frierich et al., 2006). The most common benthic species of the 
C/T strata in the site 1260 are Bolivina anambra, G. dakotensis, Tappanian sp. 1, 
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Praebulinmina prolix, and N. albertensis. The last two species are absent from samples 
below the OAE 2. Within and above the OAE 2 B. anambra is the most dominant 
species. While epifaunal G. dakotensis dominates the benthic assemblage at the top of the 
OAE 2, the infaunal N. albertensis increase in numbers above the OAE 2.  
On the other hand, benthic foraminiferal assemblages of the C/T in the Eastbourne 
section are characterized by relatively abundant and diverse foraminiferal assemblages. 
Paul et al. (1999) studied benthic foraminifera in the C/T strata of the Eastbourne section 
in the fine (>63 – 90 µ) and coarse (> 250 µ) size fractions and found that abundance 
variability of benthic foraminifera does not seem to correlate with sediment type (marls 
vs chalk). Similar observation has been recorded in the alternating limestone and 
marlstone beddings of the Bridge Creek Limestone in Rock Canyon section especially in 
the Benthonic Zone (Elderbak and Leckie, in prep.). In the Eastbourne section, extinction 
of some the benthic foraminiferal species coincides with peaks (a) and (b) in the δ13C 
curve (Paul et al., 1999). This is reflected in up-section diversity decrease from about 55 
species in the Grey Chalk Member to only 14 species in the top of Ballard Cliff Member 
of the White Chalk Formation. In general, a total of 71 specific level taxa has been 
recorded in this section and resulted in recognition of five cluster benthic assemblages 
(Paul et al., 1999).  
Constructed P/B ratio for the fine and coarse size fractions of benthic foraminiferal 
assemblages using data from Paul et al. (1999) showed two-fold pattern. In the Grey 
Chalk and most of the Plenus Marls, the proportion of benthic foraminifera is < 40% of 
total foraminiferal abundance, above Marl Bed 5 the proportion of benthic foraminifera 
increased up to > 50%. In one sample lies at the bottommost of the N. juddi Zone, the 
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proportion of benthic foraminifera reached > 90% of total foraminiferal abundance. 
While epifaunal benthic foraminiferal morphotypes dominate the Grey Chalk and 
lowermost of the Plenus Marl members, infaunal species dominate the rest of the section 
(Paul et al., 1999).  
Common species such as N. albertensis and G. dakotensis characterize the C/T strata in 
the Rock Canyon section and Site 1260 at Demerara Rise Basin, both species are missing 
in the Eastbourne section. While the mostly calcareous benthic foraminiferal assemblages 
in the Rock Canyon and Eastbourne sections contain few agglutinated benthic 
foraminiferal species, benthic foraminiferal assemblages in the site 1260 are entirely 
made of calcareous benthics. Benthic foraminiferal assemblages are mostly influenced 
and controlled by oxygen availability in site 1260, but they are largely influenced and 
controlled by food supply in the Eastbourne section. Benthic foraminiferal assemblages 
in the Rock Canyon are influenced and controlled by both factors oxygen and food 
supply.  
3.4.2 Chemostratigraphy 
3.4.2.1 Total organic Carbon and Carbon isotope 
Deposition of organic-rich strata around the C/T boundary is one of the most prominent 
features of the OAE 2. In general, two general models explains the existence of these 
black shales that contains abundant organic matter, the preservation model and increased 
influx of organic matter (elevated primary productivity) from the surface of the water 
column into the seafloor (Fig. 3). Another important feature associated with the C/T 
boundary strata is a positive excursion in the organic and inorganic carbon (Fig. 2). This 
widespread event of carbon positive excursion is believed to be the result of increased 
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burial of organic carbon. The total organic carbon (TOC) values of the strata spanning the 
C/T boundary in the Rock Canyon section range between 0-6 %, in the site 1260 range 
between 0-22 %, and in the Eastbourne section range between 0-0.26 % (e.g., Tsikos et 
al., 2004; Caron et al, 2006; Forster et al., 2007b).  
Strata of the Cenomanian-Turonian boundary is characterized by a significant positive 
shift in δ13C of organic carbon (4–6‰) and carbonate (typically ~2‰) (Fig. 2; Scholle 
and Arthur, 1980; Pratt and Threlkeled, 1984; Pratt, 1985; Schlanger et al., 1987; Arthur 
et al., 1988; Pratt et al., 1993; Sageman et al., 1998, 2006; Jarvis et al., 2006, 2011; 
Forester et al., 2007b). Several studies have produced several whole-rock carbonate and 
organic carbon δ13C curves for the strata spanning the C/T boundary in the Rock Canyon 
section (Fig. 7; Pratt and Threlkeled, 1984; Pratt, 1985; Pratt et al., 1993; Keller et al;, 
2004; Gale et al, 2005; Bowman and Bralower, 2005; Caron et al., 2006). Due to low 
TOC values characterizes the C/T boundary strata of the Eastbourne section, a 
reconstruction of a complete δ13C curve is only possible using whole-rock carbonate 
(Paul et al., 1999; Keller et al., 2001). Recently, two δ13C of organic carbon curves were 
reconstructed spanning only the Plenus Marl Member, which contains TOC values 
slightly at or above the detection limit of the instrumental analytical techniques used for 
these studies (Fig. 8; Tsikos et al., 2004; Gale et al, 2005). The high content of TOC in 
the site 1260 at Demerara Rise allowed favorably production of organic carbon δ13C 
curve.  
Tsikos et al. (2004) concluded that the distinct features and value pointes in the carbon 
isotope profile provide a global chemostratigraphic framework for the OAE 2. They also 
suggest that the two most striking features recognized in δ13C profiles they studied 
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including the C/T boundary GSSP are the onset of carbon excursion and the plateau of 
maximum δ13C values. However, due to different sampling procedures, samples type 
(organic carbon –whole rock carbonate), and different analytical techniques used, 
defining the onset of the δ13C excursion is problematic. For example, the onset of δ13Ccarb 
excursion was defined at 65 cm (Keller et al., 2004), 30 cm (Bowman and Bralower, 
2005), and 1.5 m (Caron et al., 2006) below limestone Bed 63. In the USGS #1 Portland 
core, which lies in  immediate vicinity of the Rock Canyon section, Sageman et al. (2006) 
defined the onset of the δ13Corg excursion at 30 cm below the limestone Bed 63, which is 
also precede the onset of the δ13Ccarb excursion. Pratt and Threlkeled (1984) suggested 
that the carbon isotopic composition of organic matter is more reliable than that of the 
carbonate because the later is more susceptible to diagenetic changes.   
According to Tsikos et al. (2004), the onset of the δ13C excursion is demonstrated by 
abrupt increase in the δ13C values by ~4‰ in organic carbon samples and by ~2.5‰ in 
the total carbonate samples. The δ13Ccarb positive excursion in the Rock Canyon section 
spans the uppermost part of the Hartland Shale and extends up to Bed 104 of the 
overlying Bridge Creek Limestone of the Greenhorn Formation; this makes the OAE 2 
extends ~7.5 m (Fig. 7). The δ13Ccarb excursion in the expanded section at Eastbourne 
spans the bottom of the Plenus Marl Bed 1 up to Holywell Marls Bed 3, which makes the 
OAE 2 spans ~16.6 m interval (Fig. 8; Paul, et al., 1999; Gale et al., 1993). The δ13Corg 
positive excursion in the site 1260 covers the interval from 426.41 to 424.85 mcd, which 
makes the OAE 2 spans 1.56 m interval (Fig. 9; Forster et al., 2007b).   
The most reliable features that can be recognized in the δ13C curves in the three sites are 
the onset of the excursion, the first peak (a), the second peak (b), and the third peak (c) 
175 
 
(Fig. 12). The δ13Ccarb first peak (a) in the Rock Canyon section is placed at the base of 
Bed 66 within the S. gracile zone and just few centimeters above the basal limestone Bed 
63. In the Eastbourne section, the δ13Ccarb first peak (a) is placed at the top of Plenus Marl 
Bed 3 within the M. geslinianum Zone, which is equivalent to the S. gracile Zone in the 
Rock Canyon section. The δ13Corg first peak (a) in the site 1260 section at Demerara Rise 
is recorded at 426.1 mcd, which lies few centimeters above a short interval of increased 
CaCO3 that might be equivalent to limestone Bed 63 in the Rock Canyon section. The 
δ13Ccarb second peak (b) is recorded at the base of the N. juddii Zone in the Rock Canyon 
section which is equivalent to Bed 81 (Caron et al., 2006). In the Eastbourne section, the 
second peak (b) on the δ13Ccarb curve is recorded at the top of Plenus Marl Bed 8, which is 
unlike in the Rock Canyon section it lies at the top of the M. geslinianum Zone (= S. 
gracile Zone) and not the at the base of the overlying N. juddii Zone (Gale et al., 1993, 
2005; Tsikos et al., 2004). In the site 1260, the δ13Corg second peak is recorded at 
~425.47, which occurs few centimeters above the FO of Q. gartneri.  The third δ13Ccarb 
peak is recorded at the base of Bed 85 in the Rock Canyon section, which coincides with 
the top of the N. juddii Zone and lies within the precision interval of Caron et al. (2006). 
On the other hand, the third peak (c) on the δ13Ccarb curve of the Eastbourne section is 
recorded at the top of the Ballard Cliff Member (Meads Marl 6), which coincides with the 
base of the Early Turonian W. devonese Zone. In the site 1260 at Demerara Rise Basin, 
the δ13Corg third peak (c) is recorded at 425.19 mcd, which is an early Turonian according 
to nannofossil biostratigraphy.  While the δ13Ccarb curves in the Rock Canyon and 
Eastbourne sections are characterized by ~2-3‰ excursion, the δ13Corg curve at site 1260 
is characterized by ~6.6‰ excursion.  
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Total organic carbon (TOC) values of the strata spanning the C/T boundary in the Rock 
Canyon section range between 0-6 %, in the site 1260 range between 0-22 %, and in the 
Eastbourne section range between 0-0.26 % (Figs. 7, 8, 9; e.g., Tsikos et al., 2004; Caron 
et al, 2006; Forster et al., 2007b). In general, the lower part of the Bridge Creek (up to 
Bed 77) in the Rock Canyon section is characterized by low TOC values (< 1.0 wt %). 
This is followed by gradual increase in the TOC values (1-5.5 wt%), which coincides 
with increased proportion of biserial Heterohelix in total planktic foraminiferal 
assemblages (Fig. 7; Elderbak and Leckie, in prep.). This TOC pulse is recorded between 
Bed 78 and base of Bed 85, which also coincides with the second and third peaks of the 
δ13Ccarb excursion.  
Subsequently, TOC values decreased significantly (< 2.0 wt %) from middle of Bed 85 to 
the base of Bed 96, which coincides with the start of the gradual termination of the 
δ13Ccarb excursion that spans the interval from the middle of Bed 85 to the base of Bed 96. 
This is followed by a second increase pulse (up to 5.1 wt%) in the TOC values from Bed 
97 to the top of the section (Fig. 7).   
Prior to the onset of positive δ13Corg excursion, TOC values in the site 1260 are generally 
high (2-19 wt%) and increased up to 22 wt% at the onset of the δ13Corg excursion. This is 
followed by a sharp decrease in the TOC values (~0.0 wt%) as the CaCO3 content 
increased between 425.6-426 mcd (Fig. 9). A subsequent sharp increase in the TOC 
values up to 22 wt% coincides with the second and third peaks in the δ13Corg curve, which 
is followed by gradual drop in the TOC values between 424-425.1 mcd. From 424 to 323 
mcd, TOC values fluctuate but showing a general trend of upward increasing TOC values 
(Fig. 9).  
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Unlike the Rock Canyon and site 1260, TOC values in the Eastbourne section are 
generally very low (<0.2 wt%) throughout (Fig. 8). In the three sites, the relation between 
TOC values and lithology is evident.  Black shale and marlstone intervals contain higher 
TOC values than the calcium carbonate-rich intervals. While the origin of the organic 
matter in the site 1260 is marine, mixed of marine and terrestrial organic matter 
characterize the C/T strata in the Rock Canyon and Eastbourne sections.  
3.4.2.2 Oxygen Isotopes 
Despite diagenetic processes that undoubtedly influenced the primary isotopic signal of 
the carbonates in the Rock Canyon section, the relative fluctuations and trends in the 
oxygen isotopic data from the C/T boundary strata suggest changing paleoenvironmental 
conditions in the WIS (Pratt, 1985; Barron et al., 1985; Arthur et al., 1985; Pratt et al., 
1993). Several δ18O profiles for the C/T boundary strata in the Rock Canyon section have 
been constructed either from whole-rock carbonate or from specific macro or micro-
fossils such as, inoceramid bivalve shells, and foraminiferal tests (Pratt, 1985; Keller et 
al., 2004; Caron et al., 2006).  Isotopic ratios of oxygen in whole-rock carbonate of the 
Hartland Shale and Bridge Creek Limestone at Rock Canyon are relatively depleted, 
which cannot be explained only by the diagenetic processes. Nevertheless, the δ18O 
values of the Bridge Creek Limestone (-4 to -8‰) are generally heavier than that of the 
underlying Hartland shale (-5 to -10‰) (Figs. 7, 12).  
Within the Bridge Creek Limestone, the δ18O values of the limestone beds show heavier 
values (-4 to -7‰), whereas the interbedded marlstone beds show depleted values (~-8 
‰) (Fig. 7; Pratt, 1985; Caron et al., 2006). These fluctuations in δ18O values may 
support the dilution model that suggests deposition of marlstone beds is associated with 
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wet humid climate and deposition of limestone beds is associated with dry arid climate 
(Keller et al., 2004). However, the heavier δ18O values that characterize the Bridge Creek 
Limestone strata may also suggest a cooling event if we consider it as temperature signal, 
which is unlikely in a greenhouse world (Pratt and Threlkeld, 1984; Arthur et al., 1985). 
Therefore, these more positive values characterize the Bridge Creek Limestone may be 
an indicative of increasing salinity instead as more southern watermass entered freely into 
the WIS (Pratt, 1985; Slingerland et al., 1996).  
In general, a number of features characterize the δ18O profiles from the Rock Canyon 
strata, which include negative values precedes the first peak in the δ13C, heavier values 
associated with most of the “Benthonic Zone”, and negative values in the N. juddii Zone 
(Fig. 7; Pratt, 1985; Keller et al., 2004; Caron et al., 2006).  
Interestingly, similar features also characterize the δ18O profile of the C/T boundary strata 
in the Eastbourne section (Fig. 8, 12; Paul et al., 1999; Keller et al., 2001; Jarvis et al., 
2011) and the site 1260 at Demerara Rise (Forster et al., 2007b). The δ18O profile at these 
localities also indicates sea surface temperature warming precedes the first peak in the 
δ13C profile (Fig. 12). In the Eastbourne section, this warming event based on the δ18O 
data is not as apparent as it does in the Rock Canyon or site 1260 sites (Fig. 12). Pre- the 
onset of the δ13C first peak, sea surface temperature based on the TEX86 and pristine 
planktic foraminifera in the site 1260 at Demerara Rise Basin is estimated to be in the 
excess of 36°C (Fig. 9). This also coincides with significant increase in the temperature 
of bottom water as indicated benthic foraminiferal δ18O data, which may suggest 
formation of deep saline bottom water at this locality (Friedrich et al., 2008).  
A subsequent rapid shift toward positive values in the δ18O coincides with the significant 
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positive excursion that makes the δ13C first peak is evident in the δ18O profiles of both the 
Rock Canyon and the Eastbourne sections. In the Eastbourne section, this δ18O positive 
shift, which extends from the base of Marl Bed 2 to the top Marl Bed 4, is also coincident 
with the presence of Jefferies' North Boreal fauna, notably the belemnite A. plenus. This 
cooling event is also evident in the δ18O data of the site 1260 at the Demerara Rise, which 
also records ~4⁰C SST drop on the TEX86 scale and benthic foraminiferal repopulation 
event. Similarly, the δ18O values of the Rock Canyon section show such shift, which 
coincides with the core of the Benthonic Zone. This dramatic change in the surface and 
bottom water conditions recorded in all these distant sites is an indicative of a major 
paleoceanographic change.  
In the site 1260, the SST following this brief cooling or paleoceanographic event show 
rapid change toward steady values of ~35⁰C. In the Eastbourne section, however, the 
δ18O show a gradual shift toward more negative values, which estimated to be > 3⁰C 
increase in the SST at this locality. By early Turonian a thermal maximum followed the 
termination of OAE 2 (Fig. 8, 12).  The δ18O data for the Rock Canyon section show 
fluctuated values but with a general trend toward more negative values (Fig. 7, 12).  
3.4.3 Paleoceanography connection and signal: A synthesis  
Reconstructions of Early Cretaceous continental configurations show that North Atlantic 
was isolated from the Pacific by the entry of the Caribbean plate through Central 
America, from the eastern Tethys by Apulia Platform and other shallow blocks, and 
separated from the South Atlantic by the Guinea-Brazil Straits (Fig. 4; Hay et al, 1999; 
Hay, 2008). Sea-level rise during the mid-Cretaceous flooded continental areas while 
continued seafloor spreading allowed shallow and deep passages between the proto-North 
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Atlantic and western Tethys. Furthermore, the North Atlantic was connected to the 
Pacific through relatively shallow passages in the Caribbean region or the Central 
American Seaway (e.g., Norris et al.,  2002; Topper et al., 2011).There is no evidence of a 
deep connection between the North and South Atlantic oceans during the Cenomanian 
(e.g., Arthur and Natland, 1979; Pletsch et al., 2001). 
In the mid-Cretaceous, North America was rotated clockwise relative to the present day 
orientation resulting in slightly higher northerly latitudes for western part of North 
America and slightly lower latitudes in the east. The proto-Gulf of Mexico was connected 
to the Boreal sea through a relatively shallow WIS of North America (Fig. 4). A shallow 
seaway between Norway and Greenland was another passage connecting the Boreal sea 
with the World Ocean.  The relatively restricted Boreal sea may have been of low salinity 
throughout much of the Cretaceous suggested by paleontological evidence (Fisher et al., 
1994). A possible arm of the WIS may have extended across the site of Hudson Bay to 
the northern end of Labrador Sea and cross Greenland to Europe (Fig. 4; Hay, 1999, 
2008; White et al., 2000).  
It has been long suggested that ocean stagnation is a prominent characteristic of a 
greenhouse world such as that of the mid-Cretaceous (Arthur and Schlanger, 1979; 
Barron, 1983; Bralower and Thierstein, 1984; Arthur and Sageman, 1994; Nederbragt et 
al., 2007). An equable climate and a reduced meridional temperature gradient should 
have resulted in reduced poleward heat transport during mid-Cretaceous time, which is a 
climatic paradox because temperatures at high-latitude regions are relatively high as a 
result of northward hear transport (Hay and DeConto, 1999; Hay, 2008). Furthermore, a 
reduced temperature gradient between the surface and deep waters (e.g., Huber et al., 
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2002) may have significantly affected ocean circulation. Flooded continents and 
formation of widespread shallow shelf and epicontinental seas around tropical and 
subtropical regions has been suggested as being a major source of warm saline deep 
watermass formation (Chamberlin, 1906; Brass et al., 1982; Southam et al., 1982; Wilde 
and Berry, 1982; Barron, 1983; Arthur et al., 1985, 1987; Barron and Peterson, 1990; 
Woo et al., 1992; Barron et al., 1993, 1995; Hay, 1995, 1999, 2008; Jonson et al., 1996; 
Schmidt and Mysak, 1996).). One such region is the margins of the proto-North Atlantic 
that has been proposed as a global source of ocean deep water (e.g., Hay 1999). 
The semi-enclosed configuration of the mid-Cretaceous proto-North Atlantic amplified 
stagnation of the basin and limited the ventilation of deep watermasses (Fig. 4; Monteiro 
et al., 2012). It also allowed westward travel of surface waters (toward the Pacific) as the 
basin long axis is roughly parallel to the direction of the trade winds (Fig. 13A; Trabucho 
Alexandre et al., 2010). Consequently, oxygenated and nutrient poor intermediate 
watermasses of the Pacific may have entered the North Atlantic basin in an estuarine-like 
circulation that is controlled by the paleogeogarphy of the North Atlantic basin (Fig. 14B; 
Trabucho Alexandre et al., 2010; Monteiro et al., 2012).  
Throughout most of the Late Cretaceous, the proto-North Atlantic was prone to black 
shales deposition associated with episodes of sea level rise and global carbon-cycle 
perturbations (e.g., Friedrich et al., 2008). In general, geochemical studies of proto-North 
Atlantic organic-matter suggest that southern parts of the basin are characterized by 
marine derived organic matter whereas the northern parts are characterized by abundant 
terrestrial organic matter (Tissot et al., 1980; Summerhayes, 1981). The study of several 
sections spanning the C/T boundary from around the proto-North Atlantic showed that 
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deposition of organic-rich sediments began just prior to the onset of the carbon excursion 
at the marginal regions of the southern parts of the North Atlantic (Kuroda et al., 2006). 
Prior to the OAE 2, the southeastern margin of the proto-North Atlantic (Tarfaya and 
Senegal basins) was more productive than the southwestern margin of the basin 
(Demerara Rise) (Van Bentum et al., 2012). The restricted paleogeographic nature of the 
southwestern parts of the basin (e.g., Demerara Rise) may have enhanced the 
preservation of organic matter (Friedrich and Erbacher, 2006). Alternatively, increased 
primary production due to increased input of nutrients into the photoic zone through 
terrestrial runoff and/or shallowing of the chemocline may have contributed significantly 
to the high organic matter accumulation rates at this part of the basin. Jarvis et al. (2011) 
suggested that a major upwelling event in the southeastern North Atlantic enhanced 
primary productivity and hence accumulation and burial of organic-rich sediments, which 
may have been the cause of the positive δ13C excursion associated with OAE 2 (Fig. 
13B).  Furthermore, influx of dense saline water from a marginal ocean basin could have 
caused the inferred upwelling (Friedrich et al., 2008).  
Huber et al. (1999) recorded a significant δ18O negative shift representing ~4⁰C increase 
in the temperature of middle bathyal waters in the Blake Plateau region during the early 
phase of the OAE 2, which suggests formation of warm saline intermediate to deep 
watermasses.  Numerical paleoceanographic model simulations and isotopic data 
suggested different sources of dense saline water that may have affected that 
oceanography and chemistry of the proto-North Atlantic during late Cenomanian to early 
Turonian. Warm and saline intermediate waters invaded the proto-North Atlantic from 
tropical epicontinental seas around the basin (Fig. 13B; Friedrich et al., 2008; Jiménez 
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Berrocoso et al., 2010) and continental margins that lack shelf-break fronts (Hay, 2008).   
Nutrient-rich intermediate waters may have entered the proto-North Atlantic from Pacific 
through the Central America Seaway during OAE 2 and may have fueled surface 
productivity in the southwestern parts of the basin (Fig. 13; Trabucho Alexandre et al., 
2010). The existence of relatively shallow sills may have limited the intermediate flow 
between the North and South Atlantic basins (Friedrich et al., 2012). However, the 
possible establishment of subsurface connection between the North and South Atlantic 
basins during the latest Cenomanian or earliest Turonian may have enhanced the 
formation of intermediate or deep water masses in the southern proto-North Atlantic 
through cabling processes (Poulsen et al., 2001). 
 Voigt et al. (2004) speculated that dense temperate NW Europe shelf seawater may have 
occasionally supplied the proto-North Atlantic with an intermediate and/or deeper 
watermass during the Cenomanian.  Meyers et al. (2012) suggested that WIS may have 
been a major source of an intermediate watermass to the proto-North Atlantic (Fig. 13B). 
The interaction between two different watermasses, a southern, warm, normal salinity 
Tethyan watermass and northern cool, reduced salinity Boreal watermass in the WIS may 
have formed a denser third watermass (caballing) that sank and flowed into the Caribbean 
and proto-North Atlantic (Hay et al., 1993; Fisher et al., 1994; Slingerland et al., 1996; 
Elderbak and Leckie, in review).  
Nd isotopes are a proven watermass proxy used to reconstruct intermediate to deep water 
ocean circulation (e.g., Martin et al., 2012). The relative deviation of 143Nd/144Nd ratio 
from the chondritic ratio in parts per 104 is reported as ƐNd(t) (Jacobsen and Wasserburg 
, 1980). Each basin is characterized by distinct ƐNd(t) signature that is related to the 
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source region of the watermass (e.g., Tachikawa et al., 2003; Soudry et al., 2006). In 
addition, the Nd isotopes have a shorter residence time than that of mixing time of the 
ocean allowing watermass tracking and subsequent mixing (Tachikawa et al., 2003). The 
ƐNd(t) fluctuations in a given watermass reflects changes in two main factors: 1) the 
discharged amount or isotopic composition of Nd-isotope through weathering process 
and, 2) changes in ocean circulation (e.g., Tachikawa et al., 2003). The ancient ocean 
signature can be inferred from the apatite in fish teeth and bones (Stille et al., 1996; 
Martin and Haley, 2000; Martin and Scher, 2004).  
Recent published Late Cretaceous Nd-isotope data from different regions and geological 
settings including Demerara Rise, Cape Verde, Goban Spur, Bermuda Rise, Blake Nose 
and the WIS reveal patterns that can related to the paleoceanography and circulation of 
the proto-North Atlantic, including events associated with OAE 2 (Fig. 14; Pucéat et al., 
2005; MacLeod et al., 2008, 2011; Charbonnier et al., 2012; Martin et al., 2012). 
MacLeod et al. (2008) argue against ocean stagnation during OAE 2 based on a rapid and 
large positive ƐNd(t) excursion that closely tracks a ~6‰ increase in δ13Corg. The sharp 
increase of ƐNd(t) values from very non-radiogenic (old continental crust, Atlantic-like; 
ƐNd(t) =−16.5 to −14) to more radiogenic (younger volcanic, Pacific-like) seawater 
values in the late Cenomanian (ƐNd(t) −8.2 to -7.0), suggests a major change in ocean 
circulation (Macleod et al., 2008; Martin et al., 2012). However, this rapid ƐNd(t) 
excursion is restricted to Demerara Rise and has not yet been observed elsewhere in the 
proto-North Atlantic (Martin et al., 2012).   
Similar to the modern ocean, the ƐNd(t) values of the Cretaceous ocean basins were 
heterogeneous, and therefore can be used to reveal the paleoceanographic processes and 
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changes in ocean circulation (Jiménez Berrocoso, 2010). In comparison to other North 
Atlantic and Teyths sites, the background ƐNd(t) values at Demerara Rise that pre-date 
and post-date OAE 2 are significantly lower or non-radiogenic (Figs. 9, 12; MacLeod et 
al., 2008) that may reflect contribution from regional continental source such as the 
Guyana Precambrian Shield (Jiménez Berrocoso, 2010; Martin et al., 2012). The 
similarity of ƐNd(t) magnitude between silicate detrital fractions and that of fish teeth 
samples from Demerara Rise, pre- and post-onset of the δ13C excursion, suggests that 
Demerara Bottom Water (DBW) was formed locally (Martin et al. 2012). Pucéat (2008) 
interpreted the upward gradual decrease (from~-13 to ~-16) in the ƐNd(t) in Site 1260 
(Demerara Rise) as a result of intensification of DBW formation. However, the large 
positive ƐNd(t) excursion observed in the southwestern proto-North Atlantic at Demerara 
Rise, initiated just prior to the positive δ13C excursion marking the onset of OAE 2, could 
be the result of changes in regional continental weathering inputs, submarine volcanism, 
or a change in ocean circulation (MacLeod et al., 2008).   
Martin et al. (2102) argued against changes in sediment inputs as a cause for the rapid 
positive ƐNd(t) excursion because no lithologic change is observed. In addition, tectonic 
or weathering processes could not cause such a rapid positive excursion. They also 
argued against a magmatic source for the ƐNd(t) excursion as the transport of the 
magmatic Nd-isotope would require sustained anoxia throughout the water column from 
~600 to 1500 m for the duration of OAE 2, which is challenged by the frequent presence 
of benthic foraminiferal assemblages (Fig. 9; Friedrich et al, 2006). Enrichments of 
Manganese (Mn) and Cobalt (Co) in the sediments of the OAE 2 interval at Demerara 
Rise may indicate shallowing of the OMZ (Hetzel, 2009). Therefore, the likely cause of 
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the ƐNd(t) shift associated with the OAE 2 at Demerara Rise was a change in the ocean 
circulation and/or introduction of a new intermediate watermass to basin (Martin et al., 
2012). Meyers et al. (2012) linked maximum obliquity amplification associated with the 
the C/T strata at Demerara Rise to a WIS-sourced intermediate watermass. They 
suggested that the caballing processes in the WIS resulted in a dense intermediate 
watermass that carried high-latitude ƐNd(t) and a strong obliquity signal to Demerara 
Rise basin where it was upwelled (Fig. 15).  
Based on the review presented above, we propose the following steps that may reveal the 
mechanism by which OAE 2 was initiated: 
1- Increased ocean-crust production created a large volume flux of CO2 to the 
atmosphere, which ultimately led to increased global temperatures. Os-isotope 
data from Demerara Rise demonstrate that increased submarine volcanic activity 
(LIP) pre-dates the onset of the positive δ13C excursion by about 23 kyr (Turgeon 
and Creaser, 2008). Evidence of warming is recorded at the Demerara Rise and 
Rock Canyon sites (add refs), and is less pronounced in the Eastbourne section 
(add refs). The hydrological cycle was intensified as a positive feedback to global 
warming. Increased rainfall and weathering provided a greater flux of nutrients to 
the ocean basins driving increased production of marine organic matter. Shallow 
epicontinental seaway and shelf seas of the tropics and subtropics were sources of 
intermediate and deep waters. The semi-enclosed nature of the proto-North 
Atlantic may have contributed to the stagnation of the ocean basin and increased 
potential of the preservation of organic matter. However, ocean stagnation could 
not sustain high rates of primary productivity, which resulted in the proto-North 
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Atlantic becoming a nutrient trap (Trabucho Alexandre et al., 2010). The WIS 
was strongly stratified prior to the onset of OAE 2 due to intensified rainfall and 
surface runoff influx to the semi-confined basin. The connection to the GoM was 
slightly restricted by the sill depth which may have allowed limited circulation 
between the seaway and the GoM. 
2- Continued eustatic sea-level rise and global warming increased the north-south 
climatic extremes of the WIS; the proto-Gulf of Mexico became warmer and 
dryer (increased evaporation) and the northern parts of the WIS became wetter 
(increased precipitation). The strong N-S pressure gradient initiated a 
counterclockwise gyre that drew in warm, calcareous-rich southern waters into 
the WIS resulting in the deposition of the basal limestone (Bed 63) of the Bridge 
Creek Limestone Member. The initiation of the cyclonic gyre had it implications 
on the local and regional climate and the hydrography of the WIS, and 
consequently on the semi-enclosed Arctic Ocean, which may have had its deepest 
connection to the open ocean at the time through the WIS. The advance of warm 
proto-Gulf of Mexico waters into the WIS may have forged a new pathway for 
surface circulation in the Northern Hemisphere, through the Arctic Basin and into 
the Greenland-Iceland-Norwegian Sea and proto-North Atlantic. In addition, the 
increased north-south pressure gradient contributed to stronger trade winds, which 
drove upwelling along the southern margins of the proto-North Atlantic (Tarfaya 
and Demerara basins) allowing deposition of great quantities of organic matter. 
The records the first peak (A) on the characteristic δ13C profile of OAE 2.  
3- The proposed reorganization of surface ocean circulation also coincides with the 
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“Plenus Cold Event” in Northwest Europe following the onset of the initial 
warming and positive δ13C excursion. Cooling or vertical mixing of the ocean 
continued despite a second episode of magmatic pulse of volcanism as Os-isotope 
indicates. The mixing of Boreal and Tethyan-sourced water masses in the WIS 
allowed the caballing process to form a third denser watermass that traveled 
southward as intermediate watermass into the Gulf of Mexico and the North 
Atlantic as indicated by the ƐNd(t) positive excursion at Demerara Rise (Meyers 
et al. 2012). This dramatic change in ƐNd(t)  values at Demerara Rise from 
strongly non-radiogenic (-13) to more radiogenic (-7) values suggests the short-
lived mixing of the Demerara deep waters with another watermass (e.g., MacLeod 
et al., 2008; Martin et al., 2012; Meyers et al., 2012). An amplified obliquity 
signal in the C/T strata of the Demerara Basin suggests the pacing of a northern 
watermass source, and most probably that one formed in the WIS (Meyers et al. 
2012).  
3.5. Summary and Conclusions:  
The paleogeography of the proto-North Atlantic during late Cenomanian to early 
Turonian suggests that the basin had limited connections with other ocean basins. 
Increased submarine and subarieal volcanic activity created a world of equable climate, 
characterized by elevated greenhouse gases, high global temperatures, and rising sea-
level that flooded continents to from widespread shallow epicontinental seas. One of the 
most prominent features of the C/T boundary strata is the deposition of widespread 
organic-rich sediments (black shale) that is associated with Oceanic Anoxic Event 2 
(OAE 2). In addition, the C/T strata are characterized by a positive δ13C excursion in the 
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organic and inorganic carbon reservoirs.  
By late Cenomanian time, the foreland basin of North America was flooded from the 
north by Boreal waters of the semi-enclosed Arctic basin and from the south by the 
Tethyan waters forming an extensive shallow seaway, the Western Interior Sea (WIS). 
The North America WIS acted as a paleoceanographic corridor between northern and 
southern regions of the western Northern Hemisphere and may have played a significant 
role in the initiation of the OAE 2.  Well-established biostratigraphic and 
chemostratigraphic frameworks for the Rock Canyon section in Colorado, the Eastbourne 
section in southeastern UK, and ODP Site 1260 on the Demerara Basin allowed high-
resolution correlation and establishment of lateral and temporal sequence of events 
associated with the onset of OAE 2.  
Prior to the onset of the positive δ13C excursion, the influx of pCO2 to the atmosphere 
increased significantly due to volcanic activity, especially that associated with the 
formation of the submarine Caribbean-Colombian LIP. In Site 1260, the onset of 
magmatism predates the onset of the positive δ13C excursion by ~23 kyr is demonstrated 
by a significant decrease in the 187Os/188Os isotopic ratio. A consequent warming phase 
may have activated an intensified hydrological cycle.  Due to extreme temperatures, 
shallow seaways and shelf seas around tropical and subtropical regions of the proto-North 
Atlantic were a significant source of warm, saline intermediate or deep water to the ocean 
basin. Increased surface runoff during this time delivered excessive nutrients and 
freshwater resulting in increased primary productivity and enhancing water column 
stratification especially for semi-confined basins such as the WIS and proto-North 
Atlantic. 
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Burial of large amounts of organic matter in the southern parts of the proto-North 
Atlantic and eastern side of the WIS may have caused the onset of the positive δ13C 
excursion. Increased N-S atmospheric pressure gradient at both ends of the WIS (extreme 
evaporation to the south and extreme precipitation to the north) drove a strong cyclonic 
gyre that drew warm, normal saline Tethyan waters into the seaway. Mixing of the Boreal 
and Tethyan watermasses through caballing processes allowed the formation of denser 
third water mass that sunk and flowed into the Gulf of Mexico and proto-North Atlantic 
as intermediate water mass. 
The flooding of warm, normal saline southern waters into the WIS, due to the initiation 
of the strong cyclonic gyre, may have triggered reorganization in surface circulation 
through the Arctic Basin and the Greenland-Iceland-Norwegian Sea. This coincides with 
the migration of Boreal fauna into the Anglo-Paris Basin as recoded in the Plenus 
Marls,and warm tropical faunas into the southern parts of the WIS. Synchronized with 
this Plenus Cold Event a short-lived seafloor oxygenation episode recognized elsewhere 
including the “Benthonic Zone” in WIS of North America, a benthic foraminifer 
repopulation event in Demerara Rise off South America, and a benthic oxic zone in 
Tarfaya Basin, Morocco. Nd-isotope data from the Demerara Basin also suggest a 
dramatic paleoceanographic event associated with an introduction of new, but short-lived 
intermediate watermass into the basin coinciding with the onset of OAE 2.  
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Figure 3.1 World map during Late Cretaceous.  The image is courtesy of Ron Blakey, NAU Geology.  
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Figure 3.2 The mid-Cretaceous record of major black shales and oceanic anoxic events (OAEs) in the context of 
the carbon isotopic record (Erbacher et al., 1996; Bralower et al., 1999), changing global sea level (Haq et al., 
1988), and seawater chemistry (Bralower et al., 1997). From Leckie et al. (2002) 
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Figure 3.3 Three models for creating anoxic marine environments associated with black shale deposition. 
A) stagnation model, B) increased primary productivity model, C) increased volcanic activity (subaerial 
and submarine). Cartoon sketches A & B are adopted from Takashima et al. (2006). Block diagram C after 
Jenkyns et al. (2010). 
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Figure 3.4  Geographic map for the northern Western hemisphere during late Cenomanian – early Turonian showing the location of the sites 
discussed in the text: 1 = Rock Canyon, Colorado, 2 = Eastbourne, UK, 3 = Tarafaya Basin, 4 = ODP Site 1260, Demerera Rise, 5 = ODP Site 
1050, Blake Nose, and 6 = ODP Site 1276, Newfoundland Basin. . The map shows the proto-North Atlantic and surrounding gateways to the other 
oceans and epeiric seas. Map after Voigt (2000). 
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Figure 3.5 The record of Os-isotopes across the C/T boundary sections from two distant 
locations, ODP Hole 1260B (Demerara Rise Basin) and Furlo, Italy. At both localities, 
a significant positive Os-isotope excursion precedes the onset of the positive C-isotope 
excursion indicating a major volcanic event. From Turgeon and Creaser (2008). 
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Figure 3.6 Compilation showing changes in sea level, ocean crust production, deep and surface water paleo-temperatures, bulk carbon isotopes, 
carbonate platform drowning events, and OAEs through the mid- to Late Cretaceous (130 – 55 Ma). Modified after Takashima et al. (2006). 
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Figure 3.7 Major bioevents for ammonites (Kennedy et al., 2005), nannofossils (Bralower et al., 1988 and Corbett et al., 2013), foraminifera 
(Eicher and Worstell, 1970; Leckie, 1985; Caron et al., 2006), and chemostratigraphic events including TOC (Caron et al., 2006), C-isotope (Pratt, 
1985; Caron et al. 2006; Bowman and Bralower, 2005), O-isotope (Caron et al., 2005), and trace elements (Snow and Duncan, 2005) associated 
with the C/T boundary strata in the Rock Canyon section 
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Figure 3.8 Major bioevents for ammonites (Gale et al., 2005), nannofossils (Paul et al., 1999), and foraminifera (Keller et al., 2001) and 
chemostratigraphic events (TOC; Gale et al., 2005), C-isotope, O-isotope, and trace elements (Paul et al., 1999) associated with the C/T boundary 
strata in the Eastbourne section 
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Figure 3.9 Major bioevents for nannofossils (Hardas and Mutterlose, 2006), and foraminifera (Friedrich et al., 2006) and 
chemostratigraphic events including TOC, C-isotope, TEX86 (Forster et al., 2007b), Nd-isotope (Martin et al., 2012), Os-isotope 
(Turgeon and Creaser, 2008) associated with the C/T boundary strata ODP Site 1260. It also displays calculated pCO2 values across the 
OAE 2 at Site 1260 (Bentum et al. 2012).  
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Figure 3.10 Oceanographic models for the WIS during the late Cenomanian to early Turonian: A) a caballing model of Hay et 
al. (1993), B) stratification model of Jewel (1993), C) estuarine model of Slingerland et al. (1996), and D) topographic-high 
model of Leckie et al. (1998). 
201 
 
Figure 3.11 A proposed oceanographic model for the WIS invokes the estuarine model of the Slingerland et 
al. (1996). This model suggests that there are two modes of the counterclockwise gyre (weak and strong) are 
responsible for depositing alternating bedding cycles of the Bridge Creek Limestone. The gyre facilitated the 
northward flow of the warm southern watermass and southward flow of the cool northern watermass.  
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Figure 3.12 Correlation of the three selected Cenomanian/Turonian localities (Rock Canyon, Eastbourne, and ODP Site 1260). A warming phase 
in the three sites is indicated by the negative δ18O values that predates the onset of the positive δ13C. This warming phase may have been the result 
of increased submarine volcanism as indicated by a simultaneously positive Os-isotope pulse in Site 1260 and elsewhere. A subsequent change in 
surface ocean circulation and intermediate water mass production results in “Plenus Cold Event” in Europe and oxygenation of the seafloor in the 
WIS and Demerara Rise Basin.  Rock Canyon data from Caron et al. (2006) and Bowman and Bralower (2005), Eastbourne section data from 
Jarvis et al. (2011), and Site 1260 data from Forster et al. (2007b); Martin et al. (2012); Turgeon and Creaser (2008). 
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Figure 3.13 Surface and deep oceanic currents in the proto-North Atlantic during OAE 2. 
A) Illustrates the surface paleoceanographic circulations and the possible connections 
between the Northern Hemisphere ocean basins. The development of cyclonic gyre within 
the WIS imported warm southern waters into the seaway and exported relatively cool 
waters into the open ocean. B) The WIS also was an important source of an intermediate 
watermass into the open ocean. After Trabucho Alexandre et al. (2010). 
204 
 
Figure 3.14 Values of ƐNd(t) in different regions of the Northern Hemisphere pre-onset of the OAE 2 positive δ13C excursion. The significantly 
non-radiogenic Nd-isotope values characterize ODP Site 1260 (4) on the Demerara Rise suggest a formation of local deep water that may have 
been influenced by inputs from the Guyana Shield. Nd-isotope data from Martin et al. (2012) and Charbonnier et al. (2012). Map after Voigt 
(2000). 
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Figure 3.15 Plot of obliquity forcing (green curve), δ13Corg (blue curve), 
and ƐNd(t) (violet curve) for ODP Site 1261, located in vicinity of Site 
1260 in the Demerara Rise Basin (after Meyers et al., 2012a). 
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DISSERTATION CONCLUSIONS 
The work of the dissertation was set out to investigate the response of foraminiferal 
assemblages to the perturbations associated with Oceanic Anoxic Event (OAE 2) during 
late Cenomanian-early Turonian time (~94-93 Ma) in the Western Interior Sea (WIS). 
Integration of biological, sedimentological, and geochemical data contributed 
significantly in our understanding of the paleoclimates, paleoenvironments, and 
paleoceanography of the WIS during the Greenhorn transgression.  Furthermore, the 
North American WIS acted as a paleoceanographic corridor between the northern and 
southern regions of the western Northern Hemisphere and may have played a significant 
role in the initiation of the OAE 2. The following are the main findings of this study 
categorized into three themes.  
1. Response of foraminiferal assemblages to perturbations of the OAE within 
the WIS: 
• Prior to the onset of the positive δ13C excursion that defines OAE 2, the upper 
Cenomanian strata in the Rock Canyon, CO and Cuba, KS sections were entirely 
dominated by abundant and diverse planktic foraminiferal assemblages including 
the keeled species (K-selected strategists) such as Rotalipora. At this stage, the 
seafloor is devoid of any benthic foraminiferal species. 
• A few centimeters prior to or at the onset of the positive δ13C excursion, a few 
specimens of the presumably low-oxygen tolerant infaunal species Neobulimina 
albertensis were recovered from the Rock Canyon and Cuba sections. This was 
followed by the deposition of the basal limestone bed of the Bridge Creek 
Limestone and the rapid increase in abundance and diversity of benthic 
foraminiferal assemblages, which is associated with the “Benthonic Zone” of 
207 
 
Eicher and Worstell (1970). This interval of improved conditions on the seafloor 
corresponds with the upper Cenomanian Sciponoceras gracile Zone at the onset 
of OAE 2. Benthic foraminiferal assemblages of the Benthonic Zone in the central 
and eastern sections of the WIS are mainly composed of calcareous benthic 
species of southern affinities. A few agglutinated species of southern affinities 
have been also recovered from these sections. 
• In the basin center, foraminiferal changes between the limestone-marlstone 
couplets are subtle.  However, foraminiferal response does record cyclical 
alternations between limestones and adjacent marlstones or calcareous shales. 
Foraminiferal responses in the limestones include absence of planktic planispiral 
morphotypes (Globigerinelloides), a slight increase in the proportion of planktic 
biserial (Heterohelix) and triserial (Guembelitria) morphotypes, and a slight 
increase in the proportion of benthics relative to total foraminifera. 
• In the Cuba, KS section, a brief return of diverse and abundant benthic 
foraminiferal species after a significant perturbation in benthic foraminiferal 
assemblages at the top of the Benthonic Zone (late in the Sciponoceras gracile 
Zone) precedes the planktic “Heterohelix shift” event. This is comparable to the 
“brief benthic recovery” of Leckie et al. (1998) recognized at the Rock Canyon, 
CO section.  
• The C/T boundary sections of the central and eastern WIS are characterized by 
major changes in planktic foraminiferal assemblages within the OAE 2 δ13C 
plateau, which records the dominance of biserial morphotypes in the planktic 
foraminiferal assemblages initiated by the widespread “Heterohelix shift” event at 
208 
 
the base of the uppermost Cenomanian Neocardioceras juddii Zone. In the Rock 
Canyon section, the onset of this event had been previously reported in a 
marlstone interval of the Bed 78 (Leckie et al., 1998), in this study, however, the 
onset of this event is recorded in a limestone Bed LS5 (= part of Bed 78).  
• A roughly synchronous increase in the proportion of Gavelinella dakotensis 
(“Gavelinella acme event”) in the lower N. juddii Zone has been reported from 
three localities in the central and western margin of the seaway (Leckie et al., 
1998). This short-lived event can also be traced into the Cuba section despite the 
very low benthic assemblage abundance and it may record an increased delivery 
of organic matter to the seafloor due to productivity or 4th-order sea level fall.  
• Following the short-lived “Gavelinella acme event”, benthic foraminiferal 
assemblages of the marlstones and calcareous shales are characterized by high 
dominance (Neobulimina) and low diversity. Limestone beds represent times of 
greater ventilation on the seafloor as seen by increased bioturbation of the 
sediments, improved benthic foraminiferal diversity index, and greater proportion 
of benthics to total foraminifera (lower P/B ratio).   
• As the positive δ13C excursion began to gradually terminate in the earliest 
Turonian, planktic foraminiferal assemblages in the Rock Canyon section show 
slight recovery and a few of the keeled species such as Dicarinella and 
Praeglobotruncana returned into the basin center. However, planktic 
foraminiferal assemblages of the eastern sections continue to be dominated by 
low species diversity, mainly biserial morphotypes (Heterohelix).  
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• In the center and eastern parts of the seaway, the post-OAE 2 interval is also 
characterized by stressed benthic foraminiferal assemblages dominated mainly by 
the oxygen tolerant infaunal N. albertensis or by the total absence of benthic 
foraminifera, perhaps related to the incursion of an oxygen minimum zone into 
the seaway with the approach of peak transgression of the Greenhorn Sea.  
• In the Rock Canyon section, the early Turonian marker species 
Helvetoglobotruncana helvetica was recovered from limestone Bed 103; the 
marker species is missing in the eastern sections. However, the co-occurrence of 
Clavihedbergella subdigitata and H. praehelvetica in the eastern sections 
indicates early Turonian age. 
2. Environmental, ecological and paleoceanographic implications associated 
with the OAE 2 in the WIS:  
• The quantitative study of foraminiferal assemblages in limestone beds of the 
Bridge Creek Limestone suggest a complex interaction of paleoceanographic 
factors (internal and external to the WIS) and processes were responsible for 
depositing the limestone-marlstone bedding couplets. These couplets are 
climatically forced and suggest an up-section increase in the influence of the 
internal (WIS) processes and decrease in the influence of the initial external 
(Tethyan-Boreal) processes. 
• Foraminiferal assemblages of the lowermost portion of the Bridge Creek 
Limestone (Benthonic Zone; Sciponoceras gracile Zone) indicate that open-ocean 
conditions were drawn from the Tethys into the relatively shallow WIS. Above 
the “Benthonic Zone”, however, foraminiferal assemblages indicate much more 
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stressed conditions throughout the water column that may have been shaped by 
development of climatic conditions mainly confined to the geography of the WIS. 
• The slightly higher proportion of planktic biserial and triserial morphotypes 
(Heterohelix and Guembelitria, respectively), and slightly higher proportions of 
benthics relative to total foraminifera in many of the limestone beds suggest that 
the limestones may have been more productive and better ventilated than the 
adjacent marlstones throughout the study interval.  
• Foraminiferal assemblages of the limestone beds of the Bridge Creek Limestone 
suggest that the temporary disappearance of some planktic species (Dicarinella 
and Praeglobotruncana) or extinctions of some other species (Rotalipora 
cushmani, R. greenhornensis, and Globigerinoides bentonensis) within the 
“Benthonic Zone” may have been due to better mixing, higher productivity, and 
the breakdown of the water column stratification, and not because of the 
expansion or impingement of an oxygen minimum zone as previously thought.   
• The occurrence of the agglutinated species Coscinophragma? codyensis, 
presumably of northern affinities, in the limestone Bed 79 suggests an eastward 
shift in the position of the ocean front along which the process of caballing 
(mixing of Boreal and Tethyan watermasses) was occurring. This shift is also 
evident in the geographic and stratigraphic distribution of macrofossil biofacies 
during the N. juddii Zone. 
• Despite proximity of the Cuba, KS and Sioux City, IA sections to the eastern 
paleo-shoreline of the seaway, planktic foraminifera dominate foraminiferal 
assemblages. This situation of high P/B ratio may be the result of stressed benthic 
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conditions, such as a coastal dead zone due to riverine runoff and high 
productivity, and/or an excessive supply of planktic foraminiferal shells from the 
southern part of the seaway into this relatively shallow part of the basin.  
• Integration of foraminiferal bioevents and chemostratigraphic data with 
lithofacies and marker beds allowed high-resolution stratigraphic correlation 
between eastern seaway sections and the C/T GSSP reference section at Rock 
Canyon, CO.  This high-resolution correlation between eastern and central parts 
of the seaway suggests that these bio-events are synchronous throughout the basin 
as they maintain their stratigraphic position in relation to widespread bentonite 
beds and key limestone beds.  
• The similarity of the structure of foraminiferal assemblages and their response to 
climatic perturbations associated with OAE 2 in the central and eastern parts of 
the seaway suggest that both sides were under the influence of the same warm, 
southern (Tethyan) warermass.  
• The distribution and abundances of benthic foraminiferal assemblages across a 
west-east transect of the seaway argue against the idea of development of brackish 
water lid in the WIS during the late Cenomanian – early Turonian, as well as 
being sourced primarily from the western side of the seaway. Benthic 
foraminiferal assemblages suggest that the benthos of the eastern side of the 
seaway was more stressed than equivalent intervals in the central and western 
sides of the seaway.  
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• Foraminiferal assemblages, total organic carbon (TOC), and δ13C data of the 
studied sections suggest a two-fold history of Greenhorn transgression and OAE2 
development. The initial phase is a global signal characterized by a positive δ13C 
excursion, low TOC values, and relatively high foraminiferal species diversity. 
The second phase is characterized by overprinting by local conditions in the 
seaway, including high fluvial input, relatively high TOC values, and low 
foraminiferal species diversity. These finding suggest that the eastern margin 
records unique depositional and biotic environments further revealing the 
dynamic and complex nature of the WIS and its sedimentary cycles.  
• Correlation between eastern seaway sites shows that the Sioux City, IA section is 
thicker suggesting a major sediment source to the east. Topographic highs (e.g., 
Sioux Ridge and horst and graben structures) may have restricted circulation and 
enhanced stagnation, as well as stimulating upwelling and increasing productivity 
and creating dead zones along the eastern margin. 
• Benthic foraminiferal assemblages of the more proximal and shallower Sioux City 
section may suggest a development of “dead zone” (seasonal hypoxia) analogous 
to the modern shelf of the northern Gulf of Mexico proximal to active discharge 
of the Mississippi River. 
• Two general oceanographic models are proposed to explain the deposition of the 
rhythmic bedding cycles of the Bridge Creek Limestone. These two models 
invoke Slingerland’s model or the estuarine model (EST) and development of 
counterclockwise (cyclonic) gyre. The gyre in each of these two models runs with 
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different forcing factors, or “motors”. For the lowermost portion of the Bridge 
Creek Limestone (S. gracile Zone), the difference between the precipitation in the 
northern end of the seaway and the evaporation in the southern end of the seaway 
creates the pressure gradient that drives the motor; high P-E conditions drive a 
stronger gyre. For the rest of the studied section, the motor is the amount of the 
surface runoff from both margins of the seaway; high precipitation conditions 
create a greater runoff-generated slope, stronger gradient force, and stronger 
cyclonic circulation in the seaway. 
3. Connection of the WIS to the other section in the world ocean: 
• By the late Cenomanian, the North America WIS acted as a paleoceanographic 
corridor between the northern and southern regions of the western Northern 
Hemisphere. The WIS may have transmitted heat northward and exported an 
intermediate watermass southward into the proto-Gulf of Mexico and western 
Tethys. 
• Well-established biostratigraphic and chemostratigraphic frameworks for the 
sections at Rock Canyon, Eastbourne, and ODP Site 1260 in the Demerara Rise 
basin allow high-resolution correlation and establishment of spatial and temporal 
sequence of events associated with OAE 2. These include a warming phase 
recorded in the δ18O data of the three mentioned sites that coincides with Os-
isotope evidence for submarine volcanism. This warming phase precedes the 
onset of the positive δ13C excursion that defines OAE 2. A short-lived benthic 
oxygenation event in the WIS, shortly after the onset of the positive δ13C 
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excursion, marks the base of the Bridge Creek Limestone and correlates with the 
Plenus Marls Cold Event in northwest Europe.  
• Global warming associated with excessive submarine volcanism may have 
increased the intensity of the hydrologic cycle, including the E-P pressure 
gradient across the WIS. The flooding of warm, normal saline southern waters 
into the WIS, due to the initiation of the strong anticlockwise gyre, may have 
forced the excess cool northern waters to travel through the Greenland-Iceland-
Norwegian Sea. This coincides with the migration of Boreal fauna into the 
Tethyan realm as recorded in the Plenus Marls strata of the Anglo-Paris Basin and 
warm tropical fauna into the southern parts of the WIS. Synchronized with this 
Plenus Cold Event a short-lived sea-floor oxygenation episode recognized 
elsewhere including the “Benthonic Zone” in WIS of North America, a benthic 
foraminifer repopulation event in the Demerara Rise off South America, and 
benthic oxic zone in Tarfaya Basin, Morocco. 
215 
 
APPENDIX A 
FORAMINIFERAL ASSEMBLAGE’S DISTRIBUTION TABLES OF THE 
STUDIED SECTIONS (ROCK CANYON, CUBA, KS, AND SIOUX CITY, IOWA) 
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Foraminiferal assemblage’s distribution table for the Rock Canyon section (mainly 
limestone beds): Abundances: A+= very abundant; A= abundant; C= common; R= 
rare; VR= very rare 
  
  
217 
 
Continued,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
218 
 
Continued,  
 
 
 
 
 
219 
 
 
Continued,  
 
 
 
 
 
 
 
220 
 
Continued,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
221 
 
Continued,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
222 
 
 
Rock Canyon section foraminiferal assemblage’s statistical data: a comprehensive data analysis from this study and Leckie et 
al. (1998). 
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Foraminiferal assemblage’s distribution table for the Cuba, Kansas section: 
Abundances: A+= very abundant; A= abundant; C= common; R= rare; VR= very 
rare; Preservation: G= good; M= moderate; P= poor 
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Foraminiferal assemblage’s distribution table for the Sioux City, Iowa section: Abundances: A+= very abundant; A= 
abundant; C= common; R= rare; VR= very rare; Preservation: G= good; M= moderate; P= poor 
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APPENDIX B 
SEM IMAGES OF REPRESENTED PLANKTIC AND BENTHIC FORAMINIFERA 
FROM TWO SECTIONS (ROCK CANYON AND CUBA, KS). MOST OF THE 
DISPLAYED SPECIES FROM THE ROCK CANYON SECTION WERE EXTRACTED 
FROM LIMESTONE BEDS OF THE BRIDGE CREEK LIMESTONE OF THE 
GREENHORN FORMATION 
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Plate 1 
1- Dicarinella hagni Scheibnerova 1962, X 384, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 67), dorsal view.  
2, 3 - Globigerinelloides caseyi Bolli et al. 1970, X 642; X 801, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 67), two different specimens showing one of the 
umbilical sides of each.   
4 - Heterohelix moremani Cushman 193, X 500, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 63). 
5 - Hedbergella amabilis Loeblich and  Tappan 1961, X 441, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 63), dorsal view.  
6 - Clavihedbergella simplex Morrow 1965, X 583, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 63), dorsal view.  
7 - Whiteinella baltica Douglas and  Rankin 1969, X 404, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 63), umbilical view. 
8, 12, 16 - Heterohelix globulosa Ehrenberg 1840, X 473; X 535; X 641, Creek 
Limestone, Rock Canyon section (Limestone Bed 101). 
9 - Whiteinella baltica Douglas and  Rankin 1969, X 514, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 63), dorsal view. 
10 - Rotalipora cushmani Morrow 1934, X 400, Bridge Creek Limestone, Rock Canyon 
section (Bed 63), dorsal view. 
11 - Guembelitria harrisi Tappan, 1940, X 1220, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 84). 
13, 14 - Hedbergella portsdownensis Williams-Mitchell 1948, X439; X 497, Bridge 
Creek Limestone, Rock Canyon section (Limestone Bed 63), dorsal view.  
15 - Praeglobotruncana stephani Gandolfi 1942, X 328, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 73), dorsal view. 
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Plate 2 
1 - Whiteinella brittonensis (Loeblich and  Tappan 1961), X 366, Bridge Creek 
Limestone, Rock Canyon section (Limestone Bed 73), dorsal view. 
2, 6 - Guembelitria harrisi Tappan, 1940, X 1220; X 1930, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 84). 
3 - Hedbergella portsdownensis Williams-Mitchell 1948, X 484, Bridge Creek 
Limestone, Rock Canyon section (Limestone Bed 84), dorsal view. 
4 - Heterohelix pulchra Brotzen 1936, X 648, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 99).  
5, 15 - Clavihedbergella simplex Morrow 1965, X 486; X 559, Bridge Creek Limestone, 
Rock Canyon section (Bed 63; - 5 cm below the base of Bed 63), umbilical view; dorsal 
view. 
7 - Whiteinella aprica Loeblich and Tappan, 1961, X 377, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 84), dorsal view. 
8 - Heterohelix moremani Cushman 193, X 616, Bridge Creek Limestone, Rock Canyon 
section (Marlstone Bed 85). 
9 - Whiteinella archaeocretacea Pessagno 1967, X 372, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 101), umbilical view. 
10, 13, 14 - Anaticinella multiloculata (Morrow, 1934), X 268; X 321; X 325, Hartland 
Shale, Rock Canyon section (- 40 cm below the base of Bed 63), umbilical views. 
11, 12 - Heterohelix globulosa Ehrenberg 1840, X 486; X 717, Bridge Creek Limestone, 
Rock Canyon section (Marlstone Bed 85; Limestone Bed 99). 
16 - Dicarinella hangi Scheibnerova 1962, X 268, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 103), dorsal view. 
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Plate 3 
1, 3, 4 - Whiteinella aprica Loeblich and Tappan, 1961, X 206; X 306; 337, Bridge Creek 
Limestone, Rock Canyon section (Marlstone Bed 81 = PCB 12 3.3 m above Bed 63), 1, 4 
dorsal view and 3 umbilical view. 
2, 9 - Hedbergella delrioensis Carsey 1926, X 347; 514, Bridge Creek Limestone, Rock 
Canyon section (Marlstone Bed 85; Limestone Bed 90), umbilical views.  
5, 6 - Whiteinella archaeocretacea Pessagno 1967, X 304; X 379, Bridge Creek 
Limestone, Rock Canyon section (Bed 81 = PCB 12 3.3 m above Bed 63), two different 
specimens, 5 umbilical view and 6 dorsal view. 
7, 8 - Anaticinella multiloculata (Morrow, 1934), X 321; X 240, Hartland Shale, Rock 
Canyon section (- 40 cm below the base of Bed 63), dorsal views.  
10 - Whiteinella paradubia Sigal 1952, X 279, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 90), dorsal view. 
11 - Whiteinella brittonensis Loeblich and  Tappan 1961, X 308, Bridge Creek 
Limestone, Rock Canyon section (Limestone Bed 90), dorsal view. 
12 - Guembelitria harrisi Tappan, 1940, X 1270, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 99).  
13, 15 - Whiteinella c. f aprica Loeblich and Tappan, 1961, X 364; 359, Bridge Creek 
Limestone, Rock Canyon section (Marlstone Bed 85), umbilical view. 
14 - Whiteinella archaeocretacea Pessagno 1967, X 261, Bridge Creek Limestone, Rock 
Canyon section (Marlstone Bed 85), umbilical view.  
15 - Heterohelix globulosa Ehrenberg 1840, X 748, Bridge Creek Limestone, Rock 
Canyon section (Marlstone Bed 85). 
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Plate 4 
1 - 3, 5, 7 - Dicarinella hagni Scheibnerova 1962, X 330; X 312; X 330; X 317; X 507, 
Bridge Creek Limestone, Rock Canyon section (Limestone Bed 103), dorsal views. 
4 - Heterohelix globulosa Ehrenberg 1840, X 607, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 99). 
6 - Helvetoglobotruncana helvetica Bolli 1945, X 335, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 103), dorsal view. 
8 - Helvetoglobotruncana praehelvetica Trujillo 1960, X 295, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 103), dorsal view.  
9 - Dicarinella imbricata Mornod 1949, X 354, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 103), dorsal view.   
10 - Hedbergella sp., X 268, Bridge Creek Limestone, Rock Canyon section (Limestone 
Bed 103), dorsal view.  
11 - Hedbergella portsdownensis Williams-Mitchell 1948, X439; X 276, Bridge Creek 
Limestone, Rock Canyon section (Limestone Bed 103), dorsal view.  
12, 16 - Guembelitria harrisi Tappan, 1940, X 1340; X 1360, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 99). 
13 - Rotalipora greenhornensis Morrow 1934, X 256, Hartland Shale, Rock Canyon 
section (Bed -5 cm below the base of Bed 63), dorsal view.  
14 - Anaticinella planoconvexa (Longoria 1973), X 291, Hartland Shale, Rock Canyon 
section (Bed -5 cm below the base of Bed 63), dorsal view.  
15 - Whiteinella aprica Loeblich and Tappan, 1961, X 279, Bridge Creek Limestone, 
Rock Canyon section (Marlstone Bed 85), umbilical view. 
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Plate 5 
1 - Lenticulina gaultina Berthelin 1880, X 354, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 67), side view.  
2, 3 - Gavelinella plummerae (Tappan), X 454; X 379, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 67), 2 dorsal view and 3 umbilical view.  
4, 8 - Neobulimina albertensis (Stelck and Wall, 1954), X 1120; X 406, Bridge Creek 
Limestone, Rock Canyon section (Marlstone Bed 85).  
5 - 7 - Gavelinella dakotensis (Fox, 1954), X 544, X 651; X 633, Bridge Creek 
Limestone, Rock Canyon section (5 and 6 from Bed 79; 7 from Bed 99), 5 dorsal view, 6 
and 7 umbilical views.  
9, 16 - Citharina kochii Roemer, 1841, X 224; 224, Bridge Creek Limestone, Rock 
Canyon (9 from Limestone Bed 67 and 16 from Marlstone Bed 81 = PCB 12, 3.3 m 
above Bed 63), side views.  
10, 13 - Gaudryina cf. G. quadrans Cushman, 1936, X 406, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 67).  
11 - Pyrulina cylindroides (Roemer, 1838), X 364, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 67).  
12 - Globulina lacrima (Reuss, 1845), X 583, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 73). 
14 - Pleurostomella nitida Morrow, 1943, X 412, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 84). 
15 - Cassidella tegulata (Reuss, 1845), X 688, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 101). 
17, 18 - Coscinophragma ? codyensis Fox, 1 954, X 156, X 261, Bridge Creek 
Limestone, Rock Canyon section, (Marlstone Bed 81 = PCB 12, 3.3 m above Bed 63, 
Bed 103). 
19, 20 - Buliminella fabilis Cushman and Parker, 1936, X 1170, X 1450, Bridge Creek 
Limestone, Rock Canyon section, (Limestone Bed 99).   
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Plate 6 
1, 2 - Helvetoglobotruncana helvetica Bolli 1945, X 294, Bridge Creek Limestone, Rock 
Canyon section (Limestone Bed 103), 1 dorsal view and 2 umbilical view. 
3 - Hedbergella amabilis Loeblich and  Tappan 1961, X 567, Bridge Creek Limestone, 
Rock Canyon section (Limestone Bed 103), umbilical view.  
4 - Heterohelix globules Ehrenberg 1840, X 669, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 99). 
5 - Hedbergella planispira Tappan 1940, X 871, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 99), umbilical view.  
6 - Rotalipora greenhornensis Morrow 1934, X 374, Hartland Shale, Rock Canyon 
section (Bed -5 cm below the base of Bed 63), umbilical view. 
7 - Globigerinelloides bentonensis Morrow 1934, X 470, Hartland Shale, Rock Canyon 
section (Bed -5 cm below the base of Bed 63), umbilical view. 
8 - Guembelitria harrisi Tappan, 1940, X 1360, Bridge Creek Limestone, Rock Canyon 
section (Limestone Bed 99). 
9, 10 - Globigerinelloides bentonensis Morrow 1934, X 642, Hartland Member, Cuba, 
KS section (sample 230 cm), 9 edge view and 10 umbilical view. 
11 - Globigerinelloides bentonensis Morrow 1934, X 529, Hartland Member, Cuba, KS 
section (sample 230 cm), umbilical view. 
12, 13 - Globigerinelloides bentonensis Morrow 1934, X 467, Hartland Member, Cuba, 
KS section (sample 190 cm), 12 umbilical view and 13 edge view. 
14, 15 - Rotalipora greenhornensis Morrow 1934, X 364; X 429, Hartland Member, 
Cuba, KS section (14 from 230 cm and 15 from 220 cm), umbilical views. 
16 - Rotalipora cushmani Morrow 1934, X 351, Hartland Member, Cuba, KS section 
(sample 230 cm), umbilical view. 
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Plate 7 
1, 22 - Praeglobotruncana stephani Gandolfi 1942, X 421; X 457, Hartland Member, 
Cuba, KS section (1 from sample 293 cm and 22 from sample 230 cm), 1 dorsal view and 
22 umbilical view.  
2, 3 - Hedbergella amabilis Loeblich and  Tappan 1961, X 464, Hartland Member, Cuba, 
KS section (sample 220 cm),  2 dorsal view and 3 umbilical view. 
4, 5 - Heterohelix moremani Cushman 193, X 504; X 656, 4 from Jetmore Member and 5 
from Hartland Member, Cuba, KS section (4 from 767 cm and 5 from 220 cm ). 
6, 7 and 8, 9 - Hedbergella portsdownensis Williams-Mitchell 1948, X 451; X 511, 
Hartland Member, Cuba, KS section (sample 263 cm; sample 293), 6,9 dorsal views and 
7, 8 umbilical views. 
10, 11 - Whiteinella archaeocretacea Pessagno 1967, X 540, Hartland Member, Cuba, 
KS section (sample 293 cm), 10 dorsal view and 11umbilical view.  
12, 13 – Clavihedbergella subdigitata Carman 1929, X 356, Jetmore Member, Cuba, KS 
section (sample 767 cm), 12 umbilical view and 13 dorsal view. 
14, 17 - Clavihedbergella moremani Cushman 1931, X 754; X 415, 14 from Hartland 
Member and, 17 from Jetmore Member, Cuba, KS section (14 from sample 220 cm and  
17 from sample 767), umbilical view.  
15 - Clavihedbergella subdigitata Carman 1929, X 490, Jetmore Member, Cuba, KS 
section (sample 767 cm), umbilical view.  
16 -  Clavihedbergella simplex Morrow 1965, X 427, Jetmore Member, Cuba, KS section 
(sample 767 cm), umbilical view.  
18, 20, 21 - Globigerinelloides caseyi Bolli et al. 1970, X 854; X 830; X 819, Hartland 
Member , Cuba, KS section (sample 230 cm), umbilical views.   
19 - Heterohelix globulosa Ehrenberg 1840, X 796, Hartland Member, Cuba, KS section 
(sample 220 cm). 
23 - Praeglobotruncana inornata (Bolli, 1957), X 427, Hartland Member, Cuba, KS 
section (sample 230 cm), umbilical view. 
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Plate 8 
1 - Globigerinelloides ultramicra Subbotina 1949, X 941, Hartland Member, Cuba, KS section 
(sample 230 cm), umbilical view.  
2, 3 - Schackoina multispinata Cushman and Wickenden 1930, X 941; X 1080, Hartland 
Member, Cuba, KS section (sample 230 cm).  
4 - Whiteinella brittonensis Loeblich and  Tappan 1961, X 366, Hartland Member, Cuba, KS 
section (sample 263 cm), umbilical view.   
5 - Heterohelix globulosa Ehrenberg 1840, X 1021, Hartland Member, Cuba, KS section (sample 
220 cm). 
6 - Whiteinella archaeocretacea Pessagno 1967, X 323, Hartland Member, Cuba, KS section 
(sample 220 cm), umbilical view. 
7 - Clavihedbergella simplicissima Magne and Sigal 1954, X 393, Hartland Member, Cuba, KS 
section (sample 220 cm), umbilical view. 
8, 13 - Hedbergella planispira Tappan 1940, X 1033; X 854, Hartland Member, Cuba, KS section 
(sample 325cm), umbilical views. 
9 – 12 - Anaticinella multiloculata (Morrow, 1934), X 342; X 290; X 393; X 439, Hartland 
Member, Cuba, KS section (9-11 from sample 220 cm and 12 from sample 210), umbilical views. 
14 - Ventilabrella austinana Cushman, 1938, X 796, Hartland Member, Cuba, KS section 
(sample 325 cm). 
15, 16 - Clavihedbergella simplex Morrow 1965, X 533; X 595, Hartland Member, Cuba, KS 
section (15 from sample 220 cm and 16 from sample 210 cm), umbilical views. 
17 - Rotalipora greenhornensis Morrow 1934, X 525, Hartland Member, Cuba, KS section ( 
sample 220 cm), dorsal view. 
18 - Helvetoglobotruncana praehelvetica Trujillo 1960, X 298, Jetmore Member, Cuba, KS 
section (sample 767 cm), umbilical views.  
19 - Anaticinella planoconvexa (Longoria 1973), X 439, Hartland Member, Cuba, KS section 
(From sample 60 cm), umbilical view. 
20, 21 - Whiteinella baltica Douglas and Rankin 1969, X 878; X 866, Hartland Member, Cuba, 
KS section (sample 150 cm), umbilical views.  
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Plate 9 
1, 3 - Dicarinella hagni Scheibnerova 1962, X 571; X 490,  Hartland Member, Cuba, KS 
(1 from sample 293 cm and 3 from sample 263 cm), dorsal views.  
2 - Praeglobotruncana stephani Gandolfi 1942, X 421, Hartland Member, Cuba, KS 
section (sample 293 cm), dorsal view. 
4 -5, 6 -7 - Gavelinella plummerae (Tappan 1940), X 555; X548, Hartland Member, 
Cuba, KS section ( 4-5 from sample 230 cm and 6-7 from sample 263 cm), 4, 6 umbilical 
views and 5, 7 dorsal views.  
8, 9 - Textularia rioensis Carsey 1926, X 225; X 621, Hartland Member, Cuba, KS 
section (sample 230 cm). 
10 - Quinqueloculina moremani Cushman 1937, X 518, Hartland Member, Cuba, KS 
section (sample 230 cm). 
11, 21 - Gavelinella dakotensis (Fox 1954), X 1050; X 621, Hartland Member, Cuba, KS 
section (11 from sample 417 cm and 21 from sample 190 cm), 11 umbilical view and 21 
dorsal view. 
12 - Bullopora laevis (Sollas 1877), X 490, Hartland Member, Cuba, KS section (sample 
230 cm). 
13 - 15 - Tappanina laciniosa Eicher and Worstell 1970, X 1010; X 1080; X 842, 
Hartland Member, Cuba, KS section (sample 263 cm). 
16, 17 - Lingulogavelinella asterigerinoides (Plummer 1931), X 470, Hartland Member, 
Cuba, KS section (sample 230 cm), 16 dorsal view, 17 umbilical view.  
18 - Nodosaria bighornensis Young 1951, X 1010, Hartland Member, Cuba, KS section 
(sample 220 cm). 
19, 20 - Pleurostomella nitida Morrow 1934, X 328; X 693, Hartland Member, Cuba, KS 
section (sample 230 cm). 
22 - Ramulina aculeata (d'Orbign 1840), X 387, Hartland Member, Cuba, KS section 
(sample 230 cm). 
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Plate 10 
1, 2 – 10, 11 – 12, 13 - Lingulogavelinella modesta Eicher and Worstell 1970, X 1280; X 
1550; X 1010, Hartland Member, Cuba, KS section (1, 2 from sample 417 cm and 10 -13 
from sample 220 cm), 1, 11, 13 dorsal views and 2, 10, 12 umbilical views.  
3, 4 - Lenticulina gaultina (Berthelin 1880), X 199, Hartland Member, Cuba, KS section 
(sample 230 cm).  
5 – 7 - Buliminella fabilis Cushman and Parker 1936, X 928; X 902; X 1170, Hartland 
Member, Cuba, KS section (sample 230 cm). 
8 - Planularia dissona (Plummer 1931), X 315, Hartland Member, Cuba, KS section 
(sample 263 cm). 
9 - Lenticulina gaultina (Berthelin 1880), X 347, Hartland Member, Cuba, KS section 
(sample 230 cm). 
14, 15 - Orithostella viriola Eicher and Worstell 1970, X 484, Hartland Member, Cuba, 
KS section (sample 220 cm), 14 umbilical view and 15 dorsal view. 
16 - Gavelinella dakotensis (Fox, 1954), X 915, Hartland Member, Cuba, KS section 
(sample 190cm), umbilical view. 
17 - Gavelinella plummerae (Tappan 1940), X 504, Hartland Member, Cuba, KS section 
(sample 293cm), umbilical view. 
18 - Globulina lacrima Reuss 1845, X 504, Hartland Member, Cuba, KS section (sample 
230 cm).  
19 - 21 - Neobulimina albertensis (Stelck and Wall, 1954), X 487; X 713; X 693, 
Hartland Member, Cuba, KS section (sample 302.5 cm).  
22 - Nodosaria sp., X 878, Hartland Member, Cuba, KS section (sample 230 cm). 
23, 24 – Dentalina communis (d'Orbigny 1826), X 252; X 445, Hartland Member, Cuba, 
KS section (sample 220 cm). 
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APPENDIX C 
AGE MODEL FOR THE CENOMANIAN – TURONIAN BOUNDARY GSSP 
SECTION IN PUEBLO, COLORADO BASED ON A–D RADIOISOTOPICALLY 
DATED BENTONITES AND BANDPASS-FILTERED SHORT-ECCENTRICITY 
CYCLE TIME SCALES IN THE # 1 PORTLAND CORE FROM MEYERS ET 
AL. (2012A). FORAMINIFERAL DATUM EVENTS WERE EXTRAPOLATED 
FROM AGE/DEPTH AND SEDIMENT ACCUMULATION RATES 
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Extrapolated datum ages from age/depth plot and sedimentation accumulation artes 
for the Rock Canyon section.  
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Extrapolated datum ages from age/depth plot and sedimentation accumulation artes for the Rock Canyon section.  
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